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Preface 


This compilation, which is designed primarily as a reference book for 
research scientists, is concerned with radiative and collisional processes 
involving atoms or molecules. It provides surveys covering the following 
topics: forbidden and allowed lines and bands, photoionization, photo- 
detachment; recombination, attachment; elastic and inelastic scattering 
of electrons, energy loss by slow electrons; collision broadening of 
spectral features; encounters between atomic systems including range, 
energy loss, excitation, ionization, detachment, charge transfer, elastic 
scattering, mobility, diffusion, relaxation in gases, and chemical reactions. 
A chapter is devoted to the use of high temperature shock waves and 
accounts are given of the other main experimental methods. The relevant 
theoretical work is also described, detailed mathematics being avoided 
as far as possible. 

The main emphasis is placed on the developments which have taken 
place in the past decade, that is, since the publication of the first edition 
of the great treatise by Massey and Burhop Electronic and Ionic Impact 
Phenomena. These developments were stimulated by the growth of 
interest in such fields as space science, astrophysics, and plasma physics. 
They were rendered possible by remarkable technical advances which 
have benefited directly not only experimentalists but also (through fast 
digital computing) theorists. 

Thanks must be given to the staff of the Academic Press for their 
determined efforts to ensure that a thick volume reviewing work done up 
to almost the end of 1961 should appear early in 1962. 

D.R.B. 
Department of Applied Mathematics 
The Queen’s University of Belfast 
Belfast, Northern Ireland 


February 1962 
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1 Introduction 


1.1 Discovery AND IMPORTANCE 
OF FORBIDDEN TRANSITIONS 


Early in the history of spectroscopy empirical rules were developed 
to enable the prediction of spectral lines to be accomplished from the 
energy levels of the atoms. These rules became known as selection 
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rules; they enabled one to select, from all the possible transitions 
between pairs of energy levels, those which might be expected to be 
observable. These selection rules were subsequently justified by quantum 
mechanics. As the subject progressed some lines were discovered which 
violated the selection rules, and such lines became known as forbidden 
lines. The first forbidden transitions to be recognized as such were the 
2—D — 2S transitions in the alkali metals, observed by Datta in 1922. 
Other lines observed in the laboratory were the 6°P, — 61S, line of 
mercury (Rayleigh, 1927), the mercury line 6?P) — 61S) by Fukuda 
(1926), and the auroral line 2641S, — 2p*1D, of oxygen (McLennan 
and Shrum, 1925). The study of forbidden lines received its greatest 
stimulus when Bowen (1928) identified many of the strongest lines in 
the spectra of gaseous nebulae as being due to forbidden transitions in 
OII, OIII, and NII. Many more forbidden lines were discovered 
subsequently in celestial objects, and a few were produced in laboratory 
sources. The appearance of the forbidden lines in celestial objects 
indicates the presence of unusual physical conditions, particularly low 
densities, when the frequency of collisional de-excitation of atomic 
levels is much reduced, and radiative de-excitation by forbidden transi- 
tions becomes important. Observations of forbidden lines are thus of 
importance in astrophysics because of the information which they can 
yield on the conditions in their source. A number of forbidden transi- 
tions were found in molecular spectra from about 1930 onwards. Van 
Vieck (1934) established the nature of the atmospheric absorption bands 
of oxygen, Vegard and Kaplan studied forbidden bands in Ng, and others 
were identified. The occurrence of such bands in the telluric spectrum 
has led to much of the interest in their study. 


1.2 TERMINOLOGY 


A number of definitions of forbidden transitions have been proposed. 
The traditional definition divides spectrum lines into two groups, those 
which satisfy all the selection rules are termed permitted lines, all the 
others are called forbidden lines. This definition is not entirely adequate, 
for many of the selection rules are only approximate, and the strengths 
of the forbidden lines vary greatly with atomic number for atoms of the 
same electronic structure. An alternative definition calls lines forbidden 
if the probability of their occurrence is very small compared with the 
probability of the strongest transitions between levels of similar total 
quantum numbers (Mrozowski, 1944). Other authors refer to those 
lines which are due to magnetic dipole or electric quadrupole radiation 
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as multipole radiation (Rubinowicz, 1949). Notwithstanding these 
definitions, a practical terminology has arisen which is described below 
and used in this chapter. 

In atomic spectroscopy, all transitions which violate the rigorous 
selection rules for electric dipole radiation in free atoms are termed 
forbidden transitions. This category includes all magnetic dipole and 
electric quadrupole transitions, two-quantum processes, electric dipole 
radiation enforced by perturbations external to the atom, and electric 
dipole radiation caused by the atomic nucleus. Electric dipole transitions 
which violate only certain approximate selection rules (e.g., 4521S, — 
4s4p 8P, in Cal, which violates the rule 4S = 0) are not called for- 
bidden transitions. 

In molecular spectroscopy all transitions which violate any selection 
rules, whether rigorous or not, are called forbidden. Thus, intercombina- 
tions (e.g., 97 — 12’) are included among forbidden molecular transi- 
tions. In polyatomic molecules transitions made possible by vibronic 
interactions are also included among forbidden transitions. 

In atomic spectroscopy forbidden lines are denoted by square brackets, 
e.g., the auroral line is described as occurring in the spectrum of [O I]. 


2 Forbidden Lines in Atomic Spectra 


2.1 INTRODUCTION 


In accordance with the terminology discussed earlier, all transitions 
which violate the rigorous selection rules for electric dipole radiation 
in free atoms are termed forbidden transitions. The selection rules for 
electric dipole, magnetic dipole, and electric quadrupole radiation are 
listed in Table I. The notation used is the standard one: L, S, and J 
are, respectively, the orbital, spin, and total angular momenta of the 
atomic electrons, M is the magnetic quantum number (component of /) 
and n is the principal quantum number. The parity is (— 1)" where J; 
is the azimuthal quantum number of the ith electron. The selection 
tules (1), (2), and (3) are rigorous in the absence of nuclear perturbations 
and two-quantum processes. Rule (4) holds only when configuration 
interaction is negligible, and rules (5) and (6) hold only for L.S-coupling. 
Forbidden lines may arise from several causes. 


(a) The rigorous selection rules, (1)-(3), may be violated for electric 


dipole radiation, but allowed for magnetic dipole or electric 
quadrupole radiation. 
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TABLE I 


SELECTION RULES IN ATOMIC SPECTRA 





Electric dipole Magnetic dipole Electric quadrupole 
(1) 47 =0,+1 4J=0,+1 4J=0,+1,+2 
(0 <+> 0) (0 <+> 0) (0<+> 0, 4<+* %, 0<+ 1) 
(2) 4M =0,+1 4M =0,+1 4M=0,+1,+2 
(3) Parity change No parity change No parity change 
(4) One electron jump No electron jump One or no electron jump 
4l=+1 41=0 41=0,+2 
4n=0 
(5) 4S = 0 4S =0 4S =0 
(6¢) 4L =0, +1 4L=0 4L =0,+1,+2 


(0 <+* 0) (0 <+> 0, 0 <+> 1) 


(b) The approximate selection rules, (4)-(6), may be violated. 
(c) The atoms may be subject to external perturbations. 

(d) Nuclear perturbations may be appreciable. 

(e) A two-quantum process may take place. 


Lines produced by (b) above [without (a), (c), (d), or (e)] are not usually 
termed “forbidden” (see § 1.2). 

We shall discuss first the general theory of magnetic dipole and electric 
quadrupole radiation, then consider calculations and observations on 
individual atoms, and finally discuss the remaining types of forbidden 
transitions. Review articles on these subjects have been published by 
Borisoglebskii (1958), Rubinowicz (1949), and Mrozowski (1944). 


2.2 Tueory oF MacGnetic DIPOLE AND 
ELECTRIC QUADRUPOLE RADIATION 


The basic theory of magnetic dipole and electric quadrupole radiation 
was given by Condon and Shortley (1951). They gave the formulae for 
transition probabilities in terms of the matrix elements of the magnetic 
dipole and electric quadrupole moments, and quoted the formulae of 
Rubinowicz for the relative strengths of the Zeeman components of a 
line and of the lines of a multiplet in quadrupole radiation. The theory 
was extended by Shortley (1940), who showed how many of the general 
methods used for electric dipole intensity calculations could be extended 
to the electric quadrupole case. In particular, Shortley showed how to 
perform calculations for the intermediate coupling conditions which are 
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often encountered in practical problems, and how to obtain absolute 
line strengths. He prepared the ground for detailed computations on 
the astrophysically important p” ions later performed by Shortley and 
associates (1941). Important work was performed independently by 
Pasternack (1940). Some of the methods used by Shortley could not 
readily be applied to more complicated atoms, and for this purpose 
Garstang (1957a, 1958a) reformulated the quadrupole intensity theory 
by means of the methods of Racah (1942, 1943). 

The theory of magnetic dipole radiation can be worked out explicitly 
in LS-coupling. Pasternack (1940) and Shortley (1940) gave the necessary 
formulae. The magnetic dipole moment (M) is given by 


e 


Ma => 





(L + 2S). (1) 


The spontaneous emission transition probability A,, between upper 
level «J and lower level a’ J’ is given by 


Anlohs a’) = 37 oy Spe Sule 'J’ Q) 


where 


Slo, & J’) = Slo’, «J): =>! (®JM|M|o'J'M’))?, (3) 


This expression for S,, can be evaluated explicitly, and the final results 
are: 
Sp(SLJ, SLJ + 1) 


= pp ZeSth+ NU+S—L4NI+S+L4+2(S4+L—f) 
4(J + 1) (4) 


— @2J+)) - 2 

S,(SLJ, SLJ) = a+) [SS + 1)-LL+1)+3JF+ 1) 65) 
These are in units of (— eh/4amc)?; the sign of S1/? is that of the quantity 
in square brackets. An important result which emerges from the calcula- 
tions leading to these formulae is that in L.S-coupling, magnetic dipole 
tadiation takes place only between two levels of the same term. Inter- 
mediate coupling calculations can be carried out in the standard manner 
(see Pasternack, 1940; Shortley et al., 1941) starting from the above 
LS-coupling line strengths. 

The theory of quadrupole radiation in L.S-coupling is more complic- 
ated, and the electron configuration of the atoms must be taken into 
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consideration. The quadrupole moment is a dyadic , where according 
to Shortley (1940) 


N= —eD (rr, — $7) (6) 


J =ii+jj+kk (7) 


and the summation s runs over the electrons. The spontaneous emission 
transition probability is given by («J is the upper level) 


Adah }') = ar Agee Sah 'S) (8) 





and 


S(aJ, a’ J’) = Sa’ J’, aJ) = Dy | (aJM |W | 0’ J'M’) | (9) 


M,M’ 


The absolute square of a dyadic is the sum of the absolute squares 
of its nine elements. .V is expressed in terms of x, y, and z; it can be 
expressed in terms of five second order spherical harmonics, 7?) 
(q= —2,—1,0,+1,+2). The matrix elements of these were 
evaluated by Racah (1942) techniques, and the summation over M and 
M’ and over the nine elements of VW carried out. The result, obtained 
by Garstang (1957a), was that 


SdoJ,o J’) = §| [oJ || T? || ST (10) 


where (aJ || J‘) || «’J’) is a typical matrix element in Racah’s theory. 
This is of course equivalent to the formulae of Shortley (1940, Eq. 12). 
Rubinowicz’ formulae can also be obtained quite easily by Racah’s 
methods. 

The further development of the theory is also by Racah methods. 
The matrix element has a J dependence in LS-coupling given by 
(Racah, 1942, formula 44b) 


[oSLJ || T® || SL’ J] _ ge i 
ESL TH aSEY VM (AT + DOS + I ME IET $2) 
W(LJL' J’; S2) is an algebraical function of the quantum numbers, 
which can be evaluated in any particular case. This formula is equivalent 
to those of Rubinowicz for relative line strengths in a multiplet. The 
matrix element («SL || T' || «’SL’) can be reduced by means of 
coefficients of fractional parentage (Racah, 1943) to elements of the 
form (S,L,1,,SL || Ti? || S,L,1,,SL’), where T\) is a one-electron operator 
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acting on the electron 7. These elements may be reduced to the form 
a, I Ts 2) || J),), and these one-electron elements can be evaluated explicitly 
a terms of radial integrals of the form 


so(nl, n'l’) =e f ” PP(nl)P(n'l’)dr, (12) 


where P(nl) is the radial wave function of an (nl) electron. Intermediate 
coupling calculations are performed for quadrupole radiation in the 
same way as for dipole radiation, starting from L.S-coupling line strengths. 

The general theory of magnetic dipole and electric quadrupole 
radiation for p?, p°, and p* configurations for any arbitrary coupling 
was considered by Shortley, Aller, Baker, and Menzel. For complicated 
configurations it is more profitable to tabulate only the L.S-coupling 
line strengths (for quadrupole radiation), and to proceed with inter- 
mediate coupling line strengths for both magnetic dipole and electric 
quadrupole radiation for the atom under consideration. This was done 
for the p?, p%, d*, and d® configurations by Pasternack (1940), (see also 
Garstang, 1957a) and for p? and p? by Shortley (1940). Great care must 
be taken to ensure a consistent choice of phases in all such calculations. 
The configurations d* and d® were studied by Garstang (1957a) and 
transitions d” — d”-1s, d®-1s5 — d”—15, and d”—15 — d"-*s2 were studied 
in general and numerical results tabulated for » = 7 and n = 9 by 
Garstang (1958a). 

In the course of performing detailed calculations on various atoms, 
it is often necessary to proceed by empirical methods. Certain para- 
meters occur in the intermediate coupling part of the calculation, and 
numerical values of these parameters are required. They can usually 
be determined by fitting to experimental data on energy levels. Sometimes 
there are theoretical relationships between some of the parameters, and 
the empirically determined parameters may not satisfy these relation- 
Ships. It is therefore pertinent to ask whether the use of empirical 
parameters, rather than purely theoretical parameters, will give satis- 
factory transition probabilities. The differences between theoretical and 
empirical parameters are usually ascribed to configuration interaction. 
Layzer (1954) has shown that for highly ionized atoms only configura- 
tions with the same set of principal quantum numbers and the same 
Parity need be considered. Thus, for [Ca XV], an especially interesting 
Case, the basic configuration is 1s?2s?2p? and only the interaction with 
ls?2p4 need be taken into account. Garstang (1956) studied the effect 
of interaction between these two configurations on the strengths of 
forbidden lines in the 1s22s?2p? configuration. He showed that if observed 
‘nergy levels are used instead of theoretical energies in line-strength 
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formulae which neglect configuration interaction the major part of the 
effect of configuration interaction is nevertheless taken into account. 
Thus the use of empirical energies in the usual formulae may be expected 
to yield more accurate transition probabilities than the use of theoretical 
energies. This result has been proved also for the 1s?2s?2p* configuration. 
It is dangerous to generalize from simple cases to complex atoms with 
many interacting configurations, but the work does at least give some 
support to Garstang’s conjecture that for this type of calculation the 
observed energies should be used. This conclusion does not necessarily 
hold for other types of calculation. Garstang (1955) discussed the effect 
of configuration interaction in [O I] and showed that it makes probably 
only a few per cent difference in the transition probability of A5577. 
The uncertainty due to the quadrupole radial integral is probably 
greater. 


2.3 LABORATORY OBSERVATIONS AND 
IDENTIFICATION OF FORBIDDEN LINES 


Some forbidden lines have been observed in absorption. The 2D — 2S 
series in potassium was observed (Datta, 1922) in this way. More 
observations have been made in emission in discharges. Those whose 
intensity increases as the square of the electric current may be attributed 
to electric dipole radiation forced by collisions and interatomic fields. 
Those whose intensity is a maximum for low currents are spontaneous 
emissions, for which the metastable upper states are destroyed for high 
currents (high collision frequencies). Long discharge tubes were em- 
ployed by McLennan and Shrum (1925) and others, in their work on 
[O I]. The tube contained a rare gas and a very small amount of oxygen. 
The rare gas decreases the probability of de-excitation of metastable 
oxygen atoms by collision with other atoms or with the walls of the 
tube, and reduces the energy of free electrons, preferentially exciting 
the lower oxygen levels. Another method used a quartz tube with external 
electrodes, to which an alternating high voltage was applied. Hollow 
cathode discharge tubes and other methods have been used. With 
one or two exceptions, only the forbidden lines of neutral atoms have 
been produced in the laboratory. For ionized atoms, identifications are 
only possible by means of wavelengths calculated from independently 
known energy levels. For transitions between fine and hyperfine structure 
levels microwave techniques have been employed. Reviews of two 
principal methods have been written by Kellogg and Millman (1946) 
and Gordy (1948), and reference may also be made to Ramsey (1956) 
and to Series (1959). 
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The nature of the auroral line A5577 was investigated by McLennan 
and Shrum (1925). They succeeded in producing it from oxygen, its 
wavelength agreed extremely closely with the interferometric wave- 
length of the auroral line, and both lines had very small widths. Paschen 
(1930a, b) showed that the red auroral lines at AA6300, 6364 were due to 
oxygen. Conclusive proof that the A5577 line was an electric quadrupole 
transition was.obtained by Frerichs and Campbell (1930), who showed 
that the observed Zeeman effect for the line agreed with theoretical 
predictions for electric quadrupole radiation but not with those for 
electric or magnetic dipole radiation. Segré and Bakker (1931) showed 
by the Zeeman effect that the transitions 2S — 2D in sodium and potas- 
sium were electric quadrupole radiation, and confirmed the theoretical 
work of Rubinowicz. Niewodniczanski (1934) studied the line 6p? 
3P, — 1S, in [PbI] at 44618 and by the Zeeman effect gave the first 
proof of the occurrence of magnetic dipole radiation. Since these early 
researches a number of other forbidden lines have been produced in 
the laboratory, and in some cases observations of the Zeeman effect 
have established the nature of the lines. Observation and theory are in 
excellent agreement, and no real doubt remains about the interpretation 
of the observations. A recent example of such work is that of Martin 
and Corliss (1960) on the transitions A4460 °P, — 14S, and A7283 
3P, — 1D, in the 5p* configuration of [I IT]. 

Most magnetic dipole transitions in the optical region of the spectrum 
are intercombinations. One case recently studied for which 4S = 0 is 
the *P, — 3P, transition in [BiII] 6p? (Cole and Mrozowski, 1954; 
Cole, 1960). Some transitions of this type have been studied by micro- 
wave techniques (Lamb, 1957). For example, Lamb and Maiman (1957) 
have measured the 3°P, — 38P, interval in He I. 

Observations of the hyperfine structure of a number of lines have 
also provided evidence as to their nature. References to work of this 
type up to 1949 may be found in the review of Rubinowicz (1949). 
It was shown that the intensities of hyperfine components could be 
obtained from the usual formulae for L.S-coupling multiplets (for the 
same type of radiation) by replacing the quantum numbers S, L, and J 
by J, I, and F. The nature of various transitions in [Hg II], [Pb I], 
and [Bi I] were ascertained from the relative intensities of their hyper- 
fine components. The observations are in good agreement with theoretical 
Predictions for the transitions concerned. Other atoms which have 
been studied are [I IT] (Martin and Corliss, 1960), [As I] and [Sb I] 
ails and Mrozowski, 1952), [Bi II] (Cole, 1960), and [Pb II] (Cole, 

61). 

Other lines which have been produced in the laboratory include 
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[PoI] (Mrozowski, 1956), [PI] (Mrozowski, 1954), [NI] (Kaplan, 
1939a, b), [Se I] (Ruedy and Gibbs, 1934), [Te I] (Niewodniczanski and 
Lipinski, 1938), [Xe II], [Xe ITI], and [Rn IT] (Edlén, 1944), and [Br IT] 
(Martin and Tech, 1961). 

Two other types of magnetic dipole radiation have been observed. 
If an atom is placed in a weak external magnetic field, each fine structure 
level (given S, L, and J) is split up into components labeled by the 
magnetic quantum number M. It is then possible to have magnetic 
dipole transitions between two Zeeman components of the same level, 
with 4M = + 1. Here JL = 0, 4S = 0, 4] = 0, Mn = O and all the 
selection rules for magnetic dipole radiation are satisfied. The transitions 
are in the microwave region, and take place by absorption or induced 
emission; spontaneous emission is very weak. The energy difference 
is measured directly by the frequency of the microwave radiation. This 
method has been used in determining magnetic fields. The 2s 2S,/. 
M = 4—M = — } transition in hydrogen was used in this way 
(Lamb, 1951). 

An atom whose nucleus has a magnetic moment pw and spin mo- 
mentum I shows hyperfine structure. The magnetic moment of the 
nucleus is given by 


= poy (13) 


where y is the Landé nuclear factor and py (= eh/2Mc) is the Bohr 
nuclear magneton. The magnetic moment interacts with the magnetic 
field produced by the electrons to give hyperfine splitting of the energy 
levels. The total angular momentum of the electrons J is coupled with 
I to give a resultant angular momentum F. In atoms for which J 40, 
the level J is split into components with differing F values; the quantum 
numbers J, J, and F satisfy the relation | J —JI| <F <|J+TJ|, and 
successive F’s differ by integers. Transitions between hyperfine com- 
ponents of a level have 4L = 4S = AJ = 0, and are forbidden for 
electric dipole radiation because the transitions are between states of 
the same parity, but the transitions are allowed for magnetic dipole 
radiation. The selection rule is found to be 4F = + |. The transitions 
are in the microwave region, and measures of their frequency give the 
hyperfine structure with great accuracy. The outstanding example of a 
transition of this kind occurs in the ground state of hydrogen. This is 
1s 2.S,/.. The proton has spin 4, and consequently the ground state is 
in reality a very close doublet with F = 0 and F = 1 for the two levels. 
The frequency of the transition between these levels has been calculated 
theoretically and measured experimentally, and is 1420.40573 + 0.00005 
Mc/sec (Kusch, 1955). This is equivalent to a wavelength of approxi- 
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mately 21 cm. This line is of quite exceptional importance in astronomy 
(see § 6). Similar lines between hyperfine structure levels are known 
for numerous other atoms, and have been used for determining nuclear 
spins, magnetic moments, and electric quadrupole moments. The spin 
of the cesium nucleus of mass 133 has J = $, so that the ground state 
6s 2S,/, has two hyperfine levels F = 3 and F = 4, the separation 
being 9192 Mc/sec. In a magnetic field the F = 3 <> F = 4 transition 
breaks up into a large number of components, 14 of which have been 
observed by Roberts et al. (1946). The transition mp = 0 m; = 0 
is used as the basis of the atomic clock (Essen and Parry, 1957). Extensive 
references on hyperfine structure and fine structure in atoms studied 
by microwave techniques will be found in Ramsey (1956). 

In addition to the observation of forbidden lines in the laboratory 
and their subsequent identification, mention must be made of the identi- 
fication of lines in astrophysical sources. Bowen (1928) identified various 
lines in gaseous nebulae with [O II], [O III], and [NII]. Soon after- 
wards Merrill (1928) identified lines of [Fe II] in the peculiar star 7 
Carinae. During the following years many more forbidden lines were 
identified in gaseous nebulae and peculiar stars. The following are 
certainly present: [N I], [NII], [OI], [O II], [O III], [FIV], [Ne III], 
[Ne IV], [Ne V], [SV], [S11], [SW], [C1III], [CLIV], [A III], [A IV], 
[AV], [KIV], [KV], [Ca V], [Mn V], [Mn VI], [Fell], [Fe ITI], 
[FeIV], [Fe V], [Fe VI], [Fe VII], [NiII], [NilII], and [Cull]. For 
a detailed study of the spectrum of a planetary nebula with identifica- 
tions see Aller et al. (1955). Garstang (1958b) discussed the identification 
of [Fe IV] in the star RR Telescopii. Another major advance was made 
in 1942 when Edlén (1945) identified certain emission lines in the solar 
corona as due to [Fe X], [Fe XI], [Fe XIII], [Fe XIV], [Fe XV], 
[Ni XII], [Ni XIII], [Ni XV], [Ni XVI], [Ca XII], [Ca XIII], [Ca XV], 
[A X], and [A XIV]. The identifications were based on extrapolating 
along isoelectronic sequences. The identification of [Ca XV], though 
now reasonably certain, has been controversial, and a good discussion 
of the problem was given by Rohrlich (1956). Some additional identifi- 
cations have been proposed by Pecker and Rohrlich (1961), including 
[Cr XI], [Mn XII], and [Mn XIII], and various ions of potassium, 
vanadium, and cobalt. 

One interesting point which has emerged in work by Bowen (1955, 
1960) is that the wavelengths of forbidden lines measured on high- 
dispersion plates of gaseous nebulae are more accurate than those 
calculated from laboratory ultraviolet spectroscopic data. The astro- 
Nomical observations serve to refine our knowledge of the low energy 
levels of the atoms concerned. 
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2.4 MacGnetic DIPOLE AND ELECTRIC QUADRUPOLE TRANSITION 
PROBABILITIES FOR INDIVIDUAL ATOMS 


Detailed calculations of the transition probabilities for individual 
atoms have been made by a number of authors. The most important 
paper in this field is undoubtedly that of Pasternack (1940), and quite 
a few of the more recent papers represent small improvements on his 
work or applications to other atoms. The calculations which he made 
were based on the theory of intermediate coupling taking as the pertur- 
bation the spin interaction of an electron with its own orbit. In general 
the results so obtained gave intensity ratios of various lines in good 
agreement with astronomical observations. In one important case, 
however, the theory failed to agree with observation. In [O II] the ratio 
of the intensities of the pair of nebular lines at A3727 due to the transi- 
tions 4S — 2D was widely different from the calculated intensity ratio. 
The discrepancy was explained by Aller and associates (1949). In the 
p® configuration the lines *S — *D are forbidden for both magnetic 
dipole and electric quadrupole radiation to the first order in the spin- 
orbit interaction, but have nonvanishing intensities when the second 
order spin-orbit effects are included. Aller, Ufford, and Van Vleck 
showed that for this particular transition the effect of spin-other-orbit 
and spin-spin interactions between pairs of electrons is large and com- 
parable with the second order effect of spin-orbit interaction. Only 
the latter effect had been included in the earlier calculations of Pasternack 
and others. A number of other studies of ions with p* configurations 
have been made. The corrections introduced by spin-other-orbit and 
spin-spin interactions are large for 2p configurations, and appreciable 
for 3p? configurations; they are probably negligible for higher principal 
quantum numbers. Garstang (1951) has examined the effects in the p? 
and p* configurations of a number of ions. It has been shown that while 
the energy levels are appreciably affected for 2p? and 2p‘ configurations 
there is little change in the transition probabilities. The effects are 
negligible for np? and np* configurations with n > 3. References to the 
results of detailed calculations on transition probabilities of forbidden 
lines are included in Table II. Authors whose contributions have not 
been mentioned in Table II because their results have been superseded, 
or published independently by other authors, include Condon, Ufford 
and Gilmour, Naqvi, Obi, Yamanouchi and Horie, K. Huang, Yilmaz, 
and Nikitin. 

The transition probability of the 2l-cm magnetic dipole line of 
hydrogen was calculated by Wild (1952). An interesting point which 
arises in this calculation is that the nuclear magnetic moment may be 
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TABLE II 


BIBLIOGRAPHY*® OF CALCULATED TRANSITION PROBABILITIES FOR 
MacneTic DIPpoLE AND ELECTRIC QUADRUPOLE RADIATION 














foi References Ion References Ion References 
AI 1,2 Felll,V 9 Ne IV 14 
AV 1,3. FelV 10 ~=—*Nil 8 
AV 1 Fe VI, VII 1 Ni II, III 15 
AX, XIV 4 Fe X, XIII 4 Ni XII, XIII, XV, XVI 4 

A XI 2 Fe XI 14 O1 5,13 
ALVI, VI, VII 10 Fe XIV 4,11 Ol 16 
Br II 23 Fe XV 2,12 OTT! 5 

font 5 HI 19 PI, Il 1 

Ca Il 2 II 8 PbI 21 
Ca V, VI 1 III 20 Po I 8 

Ca VII 1,2 HI 2 Rb I 22 
Ca XII 4 + KIV,VI 1,2. RnIl 18 
Ca XIII 6 KV 1 SI 1,2 
Ca XV 7 Kr III 2 SII 1, 3,17 
C1H 1,2 MgV, VI, VII 1 S III 1 
CII, IV I Mn V, X 1 Sc VI, VII 1 
Cr IV, IX 1 Mn VI 8 Sil, VII, VII 1 
CsI 22 NI 13 Si X 8 
Cu Il 8 NII 5 Ti VII 1 
F II, IV 5 Na I 22) V VIII 1 
F Ill 1 Na IV, V, VI 1 Xe II 18 
Fe II 8 Ne III, V 5 Xe III 2, 18 

REFERENCES 

1. Pasternack (1940) 13. Garstang (1955) 

2. Osterbrock (1951) 14. Garstang (1960) 

3. Naqvi and Talwar (1957) 15. Garstang (1958b) 

4. Edlén (1945) 16. Seaton and Osterbrock (1957) 

5. Garstang (1951) 17. Garstang (1952a) 

6. Garstang (1952b) 18. Edlén (1944) 

7. Garstang (1956) 19. Wild (1952) 

8. Garstang (unpublished) 20. Martin and Corliss (1960) 

9. Garstang (1957b) 21. Gerjuoy (1941) 
10. Garstang (1958c) 22. Condon and Shortley (1951, p. 256) 
11. Froese (1957) 23. Martin and Tech (1961) 


12. Blaha (1957) 


a . . . 
Where several authors have worked on the same lines in an ion, only one reference 


has been quoted, generally that which in the writer’s opinion contains the most accurate 
Tesults, 
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neglected. In computing energies and relative electric dipole line 
strengths of components in hyperfine structure the usual L.S-coupling 
formulae may be used provided that the quantum numbers S, L, and J 
are replaced by J, J, and F. In the calculation of magnetic dipole line 
strengths one requires elements of the form 


eh, eh 
(SL(DIF | aie ae 2mc 








(L +28) | Sz jr’) (14) 


(yl = 2.6 for the proton). Owing to the size of the proton mass M 

compared with the electron mass m, we can neglect the term involving J. 

The usual methods are then applied to reduce the matrix to the form 

eh 

(stJ| 2m 

and finally this is evaluated. The line strength of the 21-cm line of 

hydrogen obtained in this way is 3 atomic units. The spontaneous 
emission transition probability is 2.85 x 10-15 sec7}. 

There is a need for laboratory observations of selected forbidden 
line intensities. Gerjuoy (1941) and Mrozowski (1944) have discussed 
the intensities in Pb I and shown how the observations can be used to 
derive a value of s, (the quadrupole radial integral). In p* and p* confi- 
gurations, relative intensity measurements of transitions 14S) — 4D,, 
1S) — 3P,, and 1S, — 3P,, when made, are independent of the method 
of exciting the lines, and give valuable checks on the theory. The same 
applies to the lines 1D, — °P,, 1D, — °P,, and 1D, — °Po. Measurements 
have been attempted for [OI] by Liszka and Niewodniczanski (1958) 
who obtained for the ratio of the lines 42958/A2972 a value 1/45, com- 
pared with a theoretical value of 1/210 (Garstang, 1951). A determination 
of the ratio A2972/A5577 would be valuable. Similar measurements 
might be attempted in other atoms (e.g., HgI, Bil, and Te I). Omholt 
(1959) has studied the variation of the ratio of [O I] 45577 to permitted 
N; bands in rapidly changing aurorae, and deduces a lifetime of at 
least 0.7 (+ 0.1) sec for the OI 1S state, in accord with the theoretical 
results of Garstang (1951, 1955). Stoffregen and Derblom (1960) and 
Omholt (1960) have studied the red auroral lines in the same way, 
obtaining (Omholt) the life of the O I 1D state as at least 190 sec, com- 
pared with the value 110 sec computed by Garstang (1951). 





Cc 


(L + 2S) | SL]) (15) 
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2.5 Lines INDUCED By EXTERNAL FIELDS 


Some lines are known whose intensity in a discharge increases as the 
square of the electric current. These lines are forced electric dipole 
radiation, produced by interionic fields. Let us consider the case of 
singly-excited helium. If the interionic Stark fields are weak, so that 
the Stark splitting of the levels is small compared with the separation 
of levels with the same n and different J, then the selection rules for 
levels which can interact because of the Stark perturbations are that 
the parity must be opposite and 4/ = + 1. If the perturbing level 
combines with a third level by an allowed transition (4/ = + 1), then 
the perturbed level can combine with the third level and we get a line 
which satisfies 4] = 0 or + 2. If the interionic Stark fields are strong, 
there is no restriction on / (Bethe and Salpeter, 1957, p. 332). The 
latter situation applies to certain lines in He I. Among these, one at 
)4143.23 has been ascribed to a transition 2p1P, — 6g 1G,. This line 
was studied by Jacquinot and Brochard (1943) and by Brochard and 
Jacquinot (1945) and was shown by means of its Zeeman effect to be 
due to forced electric dipole radiation. Many other similar lines are 
known in He I, including 44469.95 2p °P — 4f8F which has been found 
in certain B-type stars. Jenkins and Segré (1939) showed that in potas- 
sium the higher members of the series 4S — nS, 4S — nD were due 
to enforced dipole radiation because of their Zeeman effect. Only the 
lowest member of the 4.5 — nD series is due predominantly to electric 
quadrupole radiation. 

Another interesting example of forced electric dipole radiation was 
given by Shenstone (1953). In the PdI spectrum transitions from 
both 4d° 5d3P, and 4d? 6p P® to the odd terms in 4d9 5p are known, 
with the odd-odd transitions about one-tenth of the intensity of the 
odd-even transitions. The forbidden transitions arise because of the 
interaction of the two 3P, levels (which are 3 cm-! apart) in the ionic 
fields. There are several more similar transitions in PdI, and some 
are known in other atomic spectra. For an outline of the relevant theory, 
see Condon and Shortley (1951, Chapter XVII). 


2.6 ‘TRANSITIONS DuE To NUCLEAR PERTURBATION 


Among the early discoveries of forbidden transitions were two lines 
of Hg I. Rayleigh (1927) observed the line 12270 6s? 1S, — 6s6p ®P, and 
Fukuda (1926) observed 2656 6s? 4S, — 6s6p °Py. The former line is 
"Zorously forbidden for electric dipole and magnetic dipole radiation 
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because 4] = 2, and for electric quadrupole radiation by the parity 
rule. The second line is forbidden for all types of radiation by the rule 
J =0<+» J = 0. Some other origin must be sought for this radiation, 
Bowen suggested that nuclear interaction with the outer electrons was 
responsible. Many nuclei have magnetic moments, and these interact 
with the magnetic field produced by the orbital motion of the electrons, 
This leads to hyperfine structure—a splitting of the energy levels—and 
it may lead to the appearance of certain forbidden lines. 

The theory of the intensity of these lines was studied by Opechowski 
(1938). Using the notation introduced in § 2.3, the interaction energy 
of w with the magnetic field H produced by the electrons is 


W = —w-H. (16) 


If the wave functions of the complete system are | JJF), then the 
interaction between neighboring fine structure levels is given by matrix 
elements of the form <JIF | W| J'IF’D. I depends only on the nuclear 
coordinates, H on the electron coordinates, and hence, using 
standard formulae (Condon and Shortley, 1951, p. 71) we find that 
<JIF | W| J'IF’> = 0 unless 


r=f 
J’ =J,J+1(0<«-0). (17) 


When considering the levels of a term we see that only neighboring 
levels (4 ] = + 1) perturb each other, and within each such perturbing 
pairs of levels only the hyperfine levels with 4F = 0 interact. The 
diagonal elements (4 J = 0) give the contribution of the nuclear moment 
to the hyperfine structure. (Another contribution arises from the 
nuclear quadrupole moment.) From Condon and Shortley’s formulae it 
is found that 


<JIF|W| HF) = CJ, J) (FF +1) -— JJ +1) -10 + 0) (18) 
(IF |W! J —1VIF> = CJ, J —1) 
xVFF+IJ—-D(F-J4+7T4+0F+J474004T-F (19 








where the C’s can be determined from hyperfine structure observations 
or computed from theory. 

Let us consider mercury as an example. For the Hg!® isotope, J = 2 
For the 6s6p 3P, level J = 0 F = 4. For the ®P, level J = 1, F=2 
and 4. Thus, the ®P, and P, levels interact through their F = 3} com- 
ponents. Treating this interaction as a small perturbation, the wave 
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unction of the 3P, state is expressed in terms of the unperturbed wave 
ns by the equation 


| (Py 4, 41 W| Py» 
| Pa? =| "Pao + “—“Eap,) — BGP) 


fi 


functio 


|*P,,F= >. — (20) 


The electric dipole matrix element is given by 


Po, + 3| W | §P,, 4, > 
<Py| P| *So> = apy — ep) Pe F = 31 P| *So (21) 
since by the selection rules <?P)| P| 1S >) = 0 for the unperturbed 
wave functions. The elements <3P,| P|1S)>) for F = 4 and 3 are 
nonzero because of spin-orbit interaction, and are responsible for the 
observed strength of the A2537 1S, — 3P, line. The intensity ratio of 
the lines is thus 


Intensity of A2656 (4S) — °Py) __ | Po $, $|W|8Pr 4, 2 |2, 


Intensity of 4537S, — *P,) | E@P,)— EGP,) 41) 


where the factor f, (= 4) is inserted because the F = 4 — F = }transi- 


tion has only one-third of the intensity of the whole 1S, — P, line. 
This calculation is repeated for the Hg”®! isotope, and the mean intensity 
ratio computed allowing for the abundance ratios of the isotopes. For 
even isotopes J = 0; such isotopes make no contribution to the forbidden 
line intensities. For mercury, Opechowski found the intensity ratio 
\2656/A2537 to be 5 X 10-*. This is in satisfactory agreement with the 
intensity ratio observed by Gaviola (1929). The ratio of the intensities 
of the 1S, — 3P, line from the Hg!®® and Hg?! isotopes separately was 
in reasonable agreement with observations made by Mrozowski (1938). 
The nuclear quadrupole moment does not contribute to the intensity 
in this case, for such a moment can lead to J = 0 levels being perturbed 
by J = 2, and a small admixture of 3P, characteristics into the 3P, wave 
function has no effect on the line strengths for electric dipole radiation 
because <?P, | P| 3P,) = 0. 
he same type of explanation will suffice to explain the appearance 
of the A2270 1S, — 3P, line, although here several pairs of hyperfine 
levels with AF = 0 contribute to the intensity, and the nuclear quadru- 
Pole moment may also give a contribution. The correctness of this 
explanation was demonstrated by Mrozowski (1945). 
Further experimental proof of the above interpretation of certain 
forbidden lines has been obtained. Holmes and Deloume (1952) studied 
4 number of lines in Cd I, including 5s?1S, — 5s5p 3P, and 3P,. They 
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used a cadmium sample in which the odd isotopes had been enriched, 
and showed that the intensity of the forbidden lines was proportional 
to the amount of odd isotope present. The lines were strongest for low 
discharge currents, showing that electric dipole radiation forced by 
external effects was not the cause of the lines. Kessler (1950) performed 
some similar experiments on mercury, using various isotopic mixtures, 
and proving that the intensities of the lines were proportional to the 
amount of odd isotopes present. 


2.7 TRANSITIONS DUE To Two-QuaNTuM PROCESSES 


The transition 2s %S,,. — 1s 2S;. in hydrogen is forbidden for all 
types of radiation in the usual approximation, and the 2s 2S,/, level is 
therefore strictly metastable. There are, however, three processes which 
lead to a finite lifetime for the state. Owing to the Lamb shift the 2s 2S,/. 
level in hydrogen is displaced upwards from the 2p ?P,/. level by 
0.035 cm! (Lamb, 1951), and the spontaneous emission probability 
of this line is 8 x 107!sec"!. Thus, the 2s 7S,;. level is no longer 
strictly metastable even for electric dipole radiation. A second process 
which is possible is magnetic dipole radiation, in a higher approximation 
than the usual one used in deriving the selection rules. When the Pauli 
treatment of electron spin is used, Jn = 0 for magnetic dipole radiation. 
If relativistic wave functions are used, weak magnetic dipole radiation 
becomes possible, with a transition probability of order 10> sec"? 
(Breit and Teller, 1940). There is a third process, which leads to a 
still higher transition probability, and which appears to be the most 
probable radiative process for the 2s — Is transition. This is two- 
quantum emission. The quantum theory of radiation usually assumes 
that only one quantum is absorbed or emitted at once, and of course 
there is no reason why two or more quanta should not be involved in a 
process, provided in a case such as the 2s — Is transition in hydrogen 
that the sum of the energies of the two quanta emitted simultaneously 
is equal to the energy of the transition. The process was studied by 
Spitzer and Greenstein (1951) and by Kipper (1952). A more accurate 
investigation was published by Shapiro and Breit (1959). The transition 
probability for the 2s — Is transition in hydrogen is 8.2 sec}. This is 
electric dipole radiation, and because of the arbitrary division of energy 
between the two quanta (i.e., the arbitrary energy of the virtual inter- 
mediate state) it forms a continuum. Its main interest is that it contri- 
butes to the observed continuum in planetary nebulae (Seaton, 1955). 
No other investigations of two-quantum emission in optical spectra 
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have come to the writer’s notice. Cases are known of multiple quantum 
transitions in microwave spectra. Kusch (1956) observed, in K%® atoms, 
transitions with 4F=0, dm=+1, +2, +3, and +4, and the 
theory of these was examined by Salwen (1955, 1956a, b; see also 


Series, 1959). 


3 Forbidden Transitions in Diatomic Molecular Spectra 


3.1 INTRODUCTION 


During recent years there has been an increasing interest in the study 
of forbidden transitions in diatomic molecules. As mentioned earlier 
the definition of forbidden transitions used here is wider than that 
customary in dealing with atomic spectra. In diatomic molecules by far 
the strongest transitions are those which correspond to an alternating 
electric dipole moment of the molecule, and usually Hund’s cases a 
or 5 are good approximations to the coupling conditions. Transitions 
violating the selection rules holding under these conditions are designated 
as forbidden transitions. They are weaker than permitted transitions, 
and usually require long absorbing paths for observation as absorption 
bands. Bernstein and Herzberg (1948) have described an apparatus 
using multiple reflections in a tube 20 meters long, with up to 250 tran- 
sits, and a pressure of up to 10 atm giving a maximum absorption length 
of 50 km-atm. 

The general selection rules for electric dipole radiation in diatomic 
molecules are: 


(1) If J is the total angular momentum 
AJ=0,+1  (butnot0<+0). (23) 


This is a standard rule of general validity for any atomic system. 

(2) Positive (++) terms combine only with negative (—) terms. 

A rotational level is called positive or negative according to whether 
the total eigenfunction remains unchanged or changes sign for reflection 
at the origin. The selection rule follows by considering integrals of the 
form {~*My,, dr. If these integrals are not to vanish, the integrand 
must not change sign on reflection at the origin, and since the dipole 
moment M changes sign, one of ¥,,, %,, must change sign and the other 
must not. 

(3) For identical nuclei, symmetric (s) terms combine only with 
symmetric terms, and antisymmetric (a) with antisymmetric. 
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A term is symmetric or antisymmetric according to whether the 
total eigenfunction remains unchanged or changes sign for an exchange 
of the nuclei. This rule is also proved by considering integrals of the 
form /~*My,, dr. M is unchanged on interchanging nuclei, and hence, 
for nonvanishing integrals, either both ¢,,, %, change sign, or neither 
change sign. 

(4) For nuclei of equal charge (but not necessarily of equal mass), 
even (g) electronic states combine only with odd (u) electronic states. 

An electronic state is even or odd according to whether the electronic 
eigenfunction remains unchanged or changes sign for a reflection at the 
center of symmetry. The proof is similar to that of rule (2) except that 
the electronic transition moment alone is considered. For homonuclear 
molecules (4) can be proved from (2) and (3). For heteronuclear molecules 
the s, a property does not exist, and (4) is no longer rigorous, although 
it is a very good approximation if the interaction between electronic and 
rotational motion is small. 

In addition to these general selection rules, there are others which 
are valid only for certain cases of coupling. For case (a), the electronic 
orbital and spin angular momenta are strongly coupled to the inter- 
nuclear axis, with components A and &, respectively, and the resultant 
of these has component 2 = | A + 2 |. Q is loosely coupled with the 
rotation N to give the total angular momentum J. For case (b) the elec- 
tronic orbital angular momentum (component A) is strongly coupled 
to the axis, A is coupled with N to give a resultant K; K is coupled 
with the spin S to give J. 

In both cases (a) and (b) 


(5) AS =0. (24) 


This is true for molecules, as it is for atoms, only if spin-orbit inter- 
action is negligible. 


(6) 4A =0, +1. (25) 

This rule corresponds to the selection rule for M, for atoms in a 
strong field, and is rigorous only if rotation-electronic and spin-orbit 
interactions are negligible. 


If both initial and final electronic states belong to Hund’s case (a) we 
have, for small spin-orbit interaction, 


(7) AZ =0, (26) 


which is analogous to the rule for M, for atoms in a strong field. If 
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:n-orbit interaction is large, rules (5), (6), and (7) no longer hold, 


a, analogous to the rule for M, for atoms, we have 

(8) 42 =0,+1. (27) 
Furthermore, if 2 = 0 for both electronic states 

(9) AJ4O for Q=0G2=0. (28) 
If Hund’s case (b) holds for both initial and final states, then 

(10) AK =0, +1, (29) 

(11) AK 40 for 2 «<> & transitions. (30) 


These rules are analogous to (1) and (9) and are valid provided that 
the interaction of K and S is negligible. 

A & state is called 2+ or X~ according to whether its electronic eigen- 
function remains unchanged or changes sign upon reflection in any 
plane passing through the internuclear axis. In a similar way to the 
proof of (2) it can be shown that 


(12) Dt ae D-, (31) 


This rule is valid only if the spin-orbit interaction and the interaction 
of rotation and electronic motion are negligible. For + — 2~ transitions 
AK = +1 is rigorously forbidden by rule (2), 4K = 0 becomes 
allowed by the interaction of rotation and electronic motion, and 4K = 0 
and 4K = +2 become allowed by spin-orbit interaction (Present, 
1935). 

In considering the application of these rules it is essential to note 
that for all singlet (S = 0) states the distinction between coupling 
cases (a) and (b) disappears, and singlet states can be considered as 
belonging to either. Furthermore, all 2 states (A = 0) belong to case (b). 
For 2+ states, rotational levels with even K (for all J) have “+” sym- 
metry and those with odd K have “—” symmetry; for X~ states even 
K levels have “—”’ symmetry and odd K levels have “+” symmetry. 
For II and A states the levels for each J are doubly degenerate (A-type 
doubling), one component has “++” symmetry and the other has “—” 
Symmetry. For the case of identical nuclei, the g states have “+” levels 
with symmetry s and “—”’ levels with symmetry a; for u states the “--” 
levels have symmetry a and the “—” levels have symmetry s. For 
homonuclear molecules nuclear spin leads to intensity alternation of the 
lines in a band, and if the nuclei have zero spin (e.g., O,) alternate lines 
are missing, and antisymmetric (a) levels are absent. 
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Violations of the selection rules are caused by perturbations or other 
higher order effects which are neglected in the simple theory. If the 
rigorous selection rules are violated, magnetic dipole, electric quadru- 
pole, or forced electric dipole radiation are present. The breakdown 
of other selection rules may be caused by spin-orbit interactions (which 
can cause the mixing of 12 and °/J, states, and other similar cases with 
4S 0) and there are other perturbations possible (analogous to 
configuration interaction in atoms) which can cause the mixing of 
states such as 12+ and YJ. The perturbed state takes on some of the 
properties of the perturbing state, and weak transitions become possible 
which are forbidden in the absence of perturbations. 

The distribution of the intensity of intercombination transitions 
(4.S ~ 0) among the various rotational branches which occur has been 
studied by several authors. Schlapp (1932, 1937) studied the transitions 
1+ — 3+, 1 — 32, 1 — 8y+, y+ — 8d 1y — S77, and 12 — 34, 
His most important qualitative result was that 12+ — 32- and 12> — 82+ 
transitions have intensities comparable with those of 12+ — %2+ and 
1y- — 32-, in spite of the rule (12) being violated for the former transi- 
tions and not for the latter. Intensity distributions for 12’ — *J7 were 
given by Budo (1937), for 42+ — ?2+, 42’ — 777, and 42+ — 227 by 
Bud6é and Kovacs (1940), for 477 — #2 and 4/7 — *JI by Kovacs and 
Budo (1941), for 32’ — 14 by Van Vleck (1934), for 12 — 34, 32’ — 34, 
and JI — 84 by Kovacs (1960), and for *2'> — *2 by Present (1935). 

There are three types of forbidden transitions in molecules: (a) those 
which are rigorously forbidden for electric dipole radiation, (b) those 
which violate approximate selection rules, and (c) those rigorously 
forbidden for free molecules but which become allowed by external 
perturbing influences. Examples of these kinds of transitions will be 
discussed in the following subsections. 


3.2 TRANSITIONS WHICH ARE RIGOROUSLY FORBIDDEN FOR 
ELEcTRIc DIPOLE RADIATION 


If electric dipole is rigorously forbidden, the only radiation possible 
arises from higher multipoles. Such radiation is much weaker than allowed 
electric dipole radiation, and in practice it is found that only magnetic 
dipole and electric quadrupole radiation need be considered. The 
selection rules for these may be determined in a similar way to those 
for electric dipole radiation; the rules are given in Table III, numbered 
corresponding to the electric dipole rules and distinguished by primes. 
It may be noted that the band structure of magnetic dipole transitions 
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TABLE III 
SELECTION RuLes FOR MAGNETIC DIPOLE AND ELECTRIC QUADRUPOLE RADIATION 
OO 
Coupling Magnetic dipole Electric quadrupole 
(1)’ General 4J=0,+1 4J=0,+1,+4+2 
(0 <+> 0) (0 <+> 0, 0 <+> 1, 4 <+>}) 
(2)’ General [ee By Se SP eee +t, --,+<+- 
(3)’ General Si>s,aa,s5<+a s>s,aea,s<ra 
(4) General Eg utcru,g<ru Eg, uu, g<ru 
(5)’ (a) and (b) AS =0 AS = 0 
(6)’ (a) 4A=+1if 42 =0 
4A=0 if42=+4+1 44=0,+1,+2 
(b) 4A=0,+1 
(7) (a) See (6)’ 42 =0 
(8) (a) 42=+1 42=0,+1,+2 
(9)’ (a) _ 4JAlforQD=VWHL=0 
(10) (b) 4K =0,+1 4kK=0,+1,+2 
(11)’ (b) AK = 0 for 4K = 0, + 2 for 
2 — & transitions 2 — & transitions 
(12) (b) Zt ete I at <> I- 





is the same as that of similar electric dipole transitions. The two types 
may be distinguished by intensity considerations, or by knowledge of 
the electronic states involved. Van Vleck (1934) showed that the rota- 
tional intensity distribution for magnetic dipole transitions is the same 
as for electric dipole radiation in similar transitions. Thus, for example, 
II, — 1X} has the same rotational intensity distribution as U7, — 12+. 

The Lyman-Birge-Hopfield (LBH) bands of N, are an interesting 
example of a magnetic dipole transition. They occur in the ultraviolet, 
and are due to the transition a4JI, «+ X1X7. They have been observed 
both in emission and in absorption. Herzberg (1946) verified the assign- 
ment to a magnetic dipole transition. The bands are very weak, molecular 
orbital theory predicts that the lowest JJ state of N, should be YI, 
and the ground state is undoubtedly 127. Furthermore, the transitions 
q UT, — X12} and q’ UT, — a4, are known; so are t' 123 — X12} 
and t’ 12+ — a’II,, and there are other similar cases. One 
cannot have three electronic states connected by three electric dipole 
transitions, by rule (4), which is rigorous for N,. Hence one of the 
transitions must be magnetic dipole or electric quadrupole. It is there- 
fore very likely that the LBH bands are a4JJ, — X12}. The identifica- 
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tion of electric quadrupole branches by Wilkinson and Mulliken (1957) 
finally confirmed the assignment. The LBH bands violate the rigorous 
rule (4), and of course (2), but they satisfy all the other relevant selection 
rules. Jarmain et al. (1955) have given relative vibrational transition 
probabilities. Wilkinson (1957) has carried out a high dispersion study 
of the LBH bands, and Douglas and Rao (1958) have identified the 
same transition in the spectrum of P,. Lichten (1957) measured the 
mean lifetime of the a'JI, state in N,, for magnetic dipole radiation 
only, as 1.7 x 10~* sec, i.e., a spontaneous emission transition probabi- 
lity of 6000 sec}. 

Other examples of magnetic dipole transitions occur in O,. The red 
region of the telluric spectrum shows several absorption bands which 
have been assigned to a transition b 12> < X 5X; of O,. The nature 
of the upper state was a puzzle—rotational intensity studies had suggested 
1X7,—until Van Vleck (1934) showed that if the transition was due to 
magnetic dipole radiation the upper state could be 127, the intensity 
relations would still agree with observation, and the type of state would 
agree with predictions based on molecular orbital theory. The transition 
is very weak, absolutely, because not only is it a magnetic dipole transi- 
tion, violating rule (4), but also it is on intercombination transition, 
violating rule (5)’ and as has been shown by Schlapp (1932) this leads 
to violations also of rules (11)’ and (12)’. Other relevant magnetic dipole 
selection rules are obeyed. The intensity is derived from a permitted 
transition by spin-orbit perturbation, probably of the 12+ state by a 
8[I, perturbing term. A comprehensive study of the structure of the 
transition has been published by Babcock and Herzberg (1948). Four 
branches, of types ®R, ?P, ®Q, and ¥Q are observed, as expected. The 
intensity of the transition has been studied by Childs and Mecke (1931), 
Allen (1937), van de Hulst (1945), and de Jager (1956). Converting 
their absorption coefficients into spontaneous emission transition proba- 
bilities for whole bands, we find the values in Table IV. If one adopts 


TABLE IV 


SPONTANEOUS EMISSION TRANSITION PROBABILITIES (SEC—') FOR 
INDIVIDUAL Banps IN b1X3 — X82> oF OXYGEN 








Author A(0, 0) band Bc, 0) band a(2, 0) band 
Childs and Mecke (1931) 0.13 —= = 
Allen (1937) 0.060 0.0055 0.00027 
van de Hulst (1945) 0.17 0.010 0.00031 
de Jager (1956) 0.10 —_ = 


i a hn ng i i a ee 
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the relative vibrational transition probability given by Fraser and asso- 

iates (1954) for the (0, 0) band, 0.93, the spontaneous emission proba- 
alte for the whole electronic transition is 0.14, 0.064, 0.18, and 
0.11 as determined by the four authors, respectively. 

Mulliken predicted the existence of a low-lying ‘4, state of O, on 
the basis of the electron configuration of the molecule. This state was 
first observed in the spectrum of liquid oxygen, and subsequently the 
transition a14, — X%2> was identified in the telluric spectrum at 
1.26. A detailed analysis was made by Herzberg and Herzberg (1947). 
The assignment of the transition to magnetic dipole radiation was fully 
confirmed. O-, P-, Q-, R-, and S-form branches (4K = — 2, — 1, 
0, + 1, + 2, respectively) were observed, as expected, and there is no 
P(1) line observed, which is also as expected since the 14 state has no 
J = Oand J levels. The (1, 0) band is much weaker than the (0, 0) band. 
Furthermore, the intensity of the 14, — °27 system is much less (per- 
haps 0.05 times) that of the 127 — 32° system. Possibly this is because 
the former system violates the selection rule 4A = 0, + 1, [rule (6)’] 
as well as rule (4) and rule (5)’. Rule (10)’ is also broken, since 4K = + 2 
is observed, but, as Present (1935) showed, this is a consequence of 
spin-orbit interaction, which also leads to the breakdown of rule (5)’. 
The band probably arises because of mixing between the 327 and per- 
turbing UJ states and between 14 and perturbing °J7Z, states. Both sets 
of oxygen bands are also allowed as electric quadrupole radiation, and 
branches with 4] = + 2 would then occur; such branches have not 
yet been observed. Relative vibrational transition probabilities have 
been given by Nicholls et al. (1960), while Vallance Jones and Harrison 
(1958) obtained a spontaneous, emission transition probability of 
1.9 x 10-4 sec—! for the (0, 0) band. 

A recent study of a metastable level in hydrogen deserves mentioning. 
Lichten (1960) has shown by a molecular beam magnetic resonance 
technique that H, has a metastable Iso2pz 3/1, state with v = 0. This 
State (the K = 0 level is at 94794 cm- above the hydrogen molecular 
8round state) can only decay to the (unstable) lso2po b?2Z; state by 
magnetic dipole transitions. States of c?JJ, with v > 1 can decay to 
Iso2sc a®Z+ by electric dipole radiation. 

One other type of magnetic dipole transition has been observed in 
O,. The electronic ground state X°2> is made up of a series of very 
Close triplets, with J = K —1, K and K + 1, and K taking odd values 
only. Transitions 4] = + 1 within each triplet are possible by magnetic 

‘pole radiation. The transitions violate rule (4) for electric dipole 
tadiation. The triplet intervals were studied theoretically by Schlapp 
(1937) and observationally by Babcock and Herzberg (1948) from optical 


26 R. H. GARSTANG 


spectra. Beringer (1946) found a microwave absorption at 0.5-cm wave- 
length which was shown by Van Vleck (1947) to be due to a blend of 
the J= Ko J = K+ 1 transitions for many values of K. This 
blend was later resolved, by Burkhalter et al. (1950), and the observa- 
tions agreed reasonably well with the positions of the levels predicted 
from the formulae of Schlapp. Anderson et al. (1951) observed a transi- 
tion at about 2.5-mm wavelength which they identified as the ] = 0 
« J= 1 transition for K = 1, and Richardson (1958) observed the 
J =7< J = 8transition for K = 7. Simple formulae for the magnetic 
dipole line strengths can be obtained (Van Vleck, 1947). They are, in 
atomic units, 


Sa(K; J, J+ 1) = AGA (32) 


$k i — y= ASTRO. (33) 





The spontaneous emission transition probabilities are easily calculated 
from these line strengths. For O,, K = 1, we find for J = 1 > J = 2, 
A = 5.9 x 107 sec-! and for J = 1 > J = 0, A = 4.4 x 10-® sec7. 
Mention should be made of the observation by Kusch (1954) of 
multiple quantum transitions between Zeeman levels in O,. In the 
K = 1, J = 2 level he found transitions 4M = + 1, +2, and + 3. 
The theory of these was considered by Salwen (1955, 1956a). 
Electric quadrupole transitions in molecular spectra are very rare; 
only two cases of quadrupole electronic transitions are known, and there 
is one observed example of a quadrupole rotation-vibration spectrum. 
The first case of a quadrupole electronic transition was found by 
Wilkinson and Mulliken (1957). During a high dispersion study of 
the absorption spectrum of N, in the vacuum ultraviolet, some 20 weak 
lines were found which could not be attributed to the P, O, and R 
branches of the magnetic dipole LBH bands (mentioned earlier in this 
section). These weak lines were shown to be members of S and O 
branches, with 4] = + 2 and 4] = — 2, respectively. The selection 
rules show that such transitions can only be due to electric quadrupole 
radiation. Rules (1), (2), and (4) for electric dipole radiation are violated, 
all the rules for electric quadrupole radiation are satisfied. The quadrupole 
transitions are weaker than the magnetic dipole transitions by a factor 
of about 7. The absorption coefficients for the quadrupole lines are of 
the order of 107 times those for the quadrupole rotation-vibration 
spectrum of hydrogen (discussed in the sequel): the nitrogen quadrupole 
lines have Einstein spontaneous transition probabilities (Wilkinson and 
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Mulliken, 1959) of 9 x 10% sec~}. The discovery of weak quadrupole 
branches of the LBH bands removes all doubt about Herzberg’s (1946) 
identification of them as predominantly magnetic dipole transitions. 

The second example of an electric quadrupole transition was found 
by Noxon ( 1961) in O,. He observed the Q branch of the (0, 0) band 
of the 12; — a'J, transition and estimated for the whole (0, 0) band 
a spontaneous emission probability of 2.5 x 10-° sec™. 

In addition to forbidden electronic transitions, it is possible to have 
rotation-vibration spectra which are rigorously forbidden for electric 
dipole radiation but which are allowed for electric quadrupole radiation. 
The most important example is in H,. The transitions all occur within 
the ground electronic state 127. Levels with even J (= K) have “+” 
and s symmetries, those with odd J have “—” and a symmetries. For 
electric dipole radiation transitions 4] = + 1 violate the rule s «+ a, 
transitions 4] = 0 violate the rule + <+ —, all violate the rule g > u, 
and there is in any case no permanent dipole moment so that electric 
dipole radiation is rigorously forbidden. 127 states have no magnetic 
dipole moment, so that magnetic dipole radiation does not occur. Thus 
quadrupole radiation is the only possibility. Transitions 4J = + 1 
violate the rigorous quadrupole rules (2)’ and (3)’, but 4] = 0, + 2 are 
allowed (except 0 <+0). 4J = + 2, 0, — 2 give rise to S, Q, and O 
branches, with first lines S(0), Q(1), O(2) having lower J” = 0, 1, 2, 
respectively. On using his multiple transit apparatus Herzberg (1949, 
1950a) succeeded in observing this quadrupole spectrum, the first 
quadrupole radiation observed in molecular spectroscopy. On using a 
path of up to 50 km-atm, eight lines were observed: Q(1), S(0), S(1), 
and S(2) in each of the bands (2-0) and (3-0). The intensities of these 
lines seemed to be proportional to the pressure, so that the lines were 
not due to enforced dipole radiation. The linewidths were very small, 
< 0.05 cm-! even at 10-atm pressure, as is expected for quadrupole 
radiation. (See § 3.4 for this same spectrum appearing due to enforced 
dipole radiation.) Approximate wavelengths are given in Table V. 


TABLE V 


WAVELENGTHS (A) IN THE HYDROGEN ROTATION-VIBRATION SPECTRUM 











Line 
Band 
S(0) S(1) S(2) Q(1) 
(1-0) 22232 21217 20336 24065 
(2-0) 11892 11619 11379 12380 
(3-0) 8273 8151 8046 8497 


(4-0) 6435 6367 6313 6566 
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Intensity calculations for quadrupole transitions have been performed 
by James and Coolidge (1938) and by Bates and Poots (1953). It was 
shown that the line strength is given by 


S(aJ, oJ’) =| | PM — 34S) Perdr | (34) 


where ¥,,, V, are the normalized wave functions of the initial and 
final states, VY is the quadrupole moment operator, % is its scalar, F is 
the idemfactor, and the square of the modulus denotes the double dot 
product of the tensor and its conjugate, i.e., the sum of the squares of 
its nine components. The wave functions are assumed to be products 
of electronic, vibrational and rotational functions, ¥,(r | R) $y,(R) dy 
where R is the internuclear distance and r the electron coordinates, 
z being taken along the internuclear axis. Then the matrix element 
above can be reduced to the form 


S(aJ, J’) =| NO', Je", PSS) (35) 


where S(J’, J”) is obtained by integrating over the rotational wave 
functions and summing over the magnetic components. James and 
Coolidge found that 


SJ, J +2) = Ua ee (S branch) (36) 
_ 2 + I 2J +1) 

SJ, J) = 307 — 1) (2) + 3) (Q branch) (37) 

si, J-2) = (O branch) (38) 


The quantity N is given by 
N= | $F .1(R) N(R) do y(R) RAR (39) 
and if we define, for the coordinates of an electron 
a = | Pa(e|R)x* 4, (e|R)de (40) 
and 2? similarly, we find that 


N(R) = 4 R® + 2(x? — 2?) (41) 
for H,, and 


N(R) = 4 R24 x2 — 2 (42) 
for Hj. 
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James and Coolidge studied transitions within the ground state 
iy of Hy. The theory above may be applied to this case by assuming 
che same initial and final electronic wave functions. Their final results 
for the (1-0), (2-0), and (3-0) bands were that the S(Q) lines had absorp- 
tion coefficients 8.1 x 10-*, 7.3 x 10-°, and 1.5 x 10-° times that of 
the first line of the R branch of the fundamental band of HCI. The 
Einstein spontaneous emission transition probabilities of the three S(0) 
lines calculated from James and Coolidge’s data are 8.0 x 10-8, 
2.6 x 10-7, and 1.1 x 1077 sec~, respectively. The intensity decrease 
for the overtone bands is slower than for most molecular spectra, partly 
because of a (frequency)® factor, instead of a first power as for dipole 
radiation, and partly because of the large anharmonicity of Hy. 

Bates and Poots (1953) used exact wave functions for Hj to study 
its quadrupole rotation-vibration spectrum. The Einstein spontaneous 
emission transition probabilities for the S(Q) lines in the (1-0), (2-0), 
and (3-0) bands are 1.6 x 10-’, 3.1 x 10-8, and 5 x 10-*sec™}, 
respectively. Many of the other lines in the S, Q, and O branches have 
comparable transition probabilities. 


3.3 TRANSITIONS VIOLATING APPROXIMATE SELECTION RULES 


The selection rule (5), 4S = 0, is the one most commonly broken, 
due to the effect of spin-orbit interaction. An example is the Cameron 
system, a®JJ — X12+ in CO, studied in detail by Rao (1949), and for 
which Jarmain et al. (1955) gave relative vibrational transition probabili- 
ties. Similar transitions have been observed in several molecules, 
including gallium, indium, and thallium halides and the halogen 
molecules; recent papers include that of Barrow and associates (1957) 
on GaF. The system d3JJ — X12Z+ in CO was found by Tanaka et al. 
(1957), and the system C8/J — X12} in N, by Tanaka (1955). A band 
*4, — X12 was found in N, by Wilkinson (1959). The only inter- 
combination bands of higher multiplicity so far observed with certainty 
are a 42’- — 2J7 transition in GeH (Klemen and Werhagen, 1953). 

_ Intercombination transitions between 2 states are known. One type 
18 exemplified by some of the Hopfield-Birge transitions, at °X+ — X12+ 
in CO. This transition is made possible by spin-orbit interactions. The 
Vegard-Kaplan bands in N, are of this type, A°L'; — X12). Relative 
vibrational transition probabilities were given by Jarmain et al. (1953). 
he Vegard-Kaplan bands have recently been observed in absorption 
y Wilkinson (1959) in 13 meter-atm of N,; they have previously been 
observed only in emission and there may well have been many un- 
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successful attempts to get absorption spectra. Their spontaneous emis- 
sion transition probability was found by Wilkinson and Mulliken (1959) 
to be 40 sec"?. Herzberg (1953) has observed a system 127 — X°27 
in O,. The structure of these is similar to that of the well-known red 
atmospheric bands, and the nature of the upper state was decided on 
the basis of theoretical considerations on theterms expected from the 
known electronic configurations of oxygen. One of the surprises is that 
the 127, — X%27 is so weak. The calculations also predicted a state 
34, and Herzberg found some very weak bands which he ascribed to 
the °4, — X82) transition. This transition is only forbidden by the 
rule 44 = 0, + 1 [rule (6)] and, again, its weakness is surprising. 

An excellent example of a transition violating the X+ «+ 2~ rule (12) 
was found by Herzberg in O,. The transition was shown to be A32;* — 
X*X7. These bands are of very low absolute intensity, and were studied 
in detail by Herzberg (1952b) using his multiple reflection technique 
(giving a path length of 800 meter-atm). S and O branches were observed, 
showing that spin-orbit interactions are responsible for the observed 
intensity. The Herzberg bands have been observed in afterglows in 
oxygen-nitrogen mixtures (Barth and Kaplan, 1957). Jarmain and 
associates (1955) gave relative vibrational transition probabilities for the 
Herzberg bands. A band system a’ 127 — X12) in N, was observed 
by Wilkinson (1959), by Ogawa and Tanaka (1959, 1960), and by 
Wilkinson and Mulliken (1959), who determined the spontaneous 
emission transition probability to be 25 sec~!. The intensity is probably 
due to the mixing of a’ 127 with nearby ‘JJ, states, but Wilkinson and 
Mulliken showed that there are several possible 4J/,, states, so that 
detailed intensity calculations would be difficult. The two transitions 
just discussed do not involve a change of multiplicity. The transitions 
3X+ — 12 and 12'+ — 32- were shown by Schlapp (1932) to occur 
with an intensity comparable with that of 32+ — 12+ or 32- — 13- 
transitions, and they are nothing like so weak as X+ — 2° transitions 
with no change of multiplicity. Spin-orbit perturbations are responsible 
for the intensity. An example of this type of transition is e82- — X12'+ 
of CO, discussed by Herzberg and Hugo (1955), and the similar 
Y32°, — X127 in N, has been discussed by Ogawa and Tanaka (1960) 
and by Wilkinson (1960). 

As was seen in the previous subsection (§ 3.2), the rotation-vibration 
spectrum is very highly forbidden for homonuclear diatomic molecules. 
In the case of heteronuclear molecules, for example, HD, there is a 
permanent dipole moment and there is no distinction between symmetric 
and antisymmetric rotational levels. The rule that electronic states of 
the same parity do not combine is now valid only to a first approxima- 
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tion, and it may be violated by interaction of electronic motion with 
rotation and vibration, giving a weak electric dipole rotation-vibration 
spectrum. The simplest example is HD, which was first observed by 
Herzberg (1950b) and later studied in detail by Durie and Herzberg 
(1960). The transitions are within the electronic state 127, violating 
rule (4), transitions 4J = 0 violate the rigorous rule (2), and only 
AJ = +1 are allowed. Durie and Herzberg confirmed this, finding 
six or seven lines in each of the (1-0), (2-0), (3-0), and (4-0) bands and 
identifying P and R branches with a zero gap in between. No pressure 
broadening was detectable, and the paths used were not long enough 
to observe quadrupole radiation. The theory of the intensities of these 
transitions was studied by Wick (1935) and, quantitatively, by Wu 
(1952). The overtone band intensities fall off very slowly; this is quali- 
tatively because the dipole moment is produced by the vibration and 
increases with it. Wu’s formulae were applied to HD+ by Bates and 
Poots (1953), who found a transition probability 18 sec for the (1-0) 
band. They found a value of 0.02 sec~ for the (1-0) band in *#NN+. 


3.4 TRANSITIONS INDUCED BY EXTERNAL FIELDS 


There are several cases known where a selection rule, which holds 
exactly for free molecules, may be violated in the presence of external 
fields, collisions with other molecules, and so on. Such radiation is of 
the electric dipole type, and is known as enforced dipole radiation. 
Infrared forbidden rotation-vibration spectra of O,, N,, and H, were 
observed by Crawford et al. (1949) and Welsh et al. (1949). They used 
absorbing paths of 85 cm and pressures up to 100 atm. The intensities 
of the spectra varied as the square of the gas pressure, which shows 
that collisions are the cause of the spectra. The selection rule which 
operates was shown to be 4] = 0, + 2; this is in agreement with the 
work of Condon (1932), who studied the effect on a molecule of external 
electric fields. Later work by Crawford et al. (1950) and Welsh et al. 
(1951) confirmed the interpretation of these spectra, and the latter 
paper reported observations in H,, O., and N, at twice the fundamental 
frequencies. In the (1-0) band of hydrogen, a maximum at 4155 cm7 
was identified as the Q branch, and the lines S(0) and S(1) could be 
seen. These features were also seen in the (2-0) branch. The line widths 
are large, ~ 250 cm™}, as they should be for enforced dipole radiation 
(cf. § 3.2, quadrupole radiation). 

There are examples of electronic transitions becoming allowed 
because of enforced dipole radiation. Thus, in oxygen at high pressure 
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the 14, — 82> system is greatly enhanced relative to the 127 — %2> 
system. The 14, — 32> system has been studied in the liquid oxygen 
spectrum by Herzberg and Herzberg (1947), Cho et al. (1956), and by 
others. Such observations provided the first evidence for the existence 
of the 14, state. The intensities of the bands in high-pressure gaseous 
oxygen increase proportional to the square of the density, so in this 
case, and probably also for liquid oxygen, induced electric dipole 
radiation is present much more strongly than magnetic dipole radiation. 


4 Forbidden Transitions in Polyatomic Molecular Spectra 


4.1 INTRODUCTION 


The intensity of an electronic band in the spectrum of a polyatomic 
molecule is proportional to the square of the transition dipole moment. 
To a first approximation this moment may be calculated with the nuclei 
in their equilibrium position. For many of the more symmetrical 
molecules, however, symmetry considerations impose a zero value for 
the equilibrium dipole moment. In such cases weak transitions may 
still be observed. These vibronic transitions are due to the mixing of 
the wave functions of the symmetrical state with nontotally symmetric 
wave functions of certain vibrational states. During these vibrations 
the dipole moment will have nonzero instantaneous values, although 
the average value will still be zero. These considerations need not be 
restricted to cases when the equilibrium transition moment is exactly 
zero; for weakly allowed transitions the vibronic interactions may give 
appreciable contributions to the band intensities. Another class of weak 
transitions arises from spin-orbit interaction, which allows finite transi- 
tion probabilities between states of different multiplicities. Still more 
highly forbidden transitions are possible because of the combined 
effects of vibronic interactions and spin-orbit interactions. 


4.2 GENERAL THEORY 


The theory of vibronic transitions in polyatomic molecules was first 
discussed by Herzberg and Teller (1933), who outlined the principles 
involved. No detailed computations were made at that time. Only 
from about 1955 were attempts made at carrying out numerical calcula- 


tions. Papers by Murrell and Pople (1956), Albrecht (1960a), and 
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Liehr (1960) contain useful accounts of the theory and additional 
references. 

The Born-Oppenheimer approximation (that owing to the rapid 
motions of the electrons compared to the nuclei the electrons at any 
time can be regarded as being in a steady state in the field of the instan- 
taneous position of the nuclei) is used to express the vibronic wave 
function ¥,; of the molecule in the form 


Pics = (x, Q) PrXQ), (43) 


where 9,(x,Q) is the electronic wave function of the kth electronic 
state for fixed Q, ®,,(Q) is the vibrational wave function of the jth 
vibrational state of electronic state k, and x and Q refer to the complete 
set of coordinates required to locate all the electrons and all the nuclei, 
respectively. The coordinates Q are taken as zero in equilibrium. The 
transition moment M,,,; between vibronic states described by quantum 
numbers gi, kj is given by 


My ies = | ¥ee{m,(x) + m,(Q)} Pas dx aO, (44) 


where m,(x) and m,(Q) are, respectively, the electronic and nuclear 
terms of the electric dipole moment operator; g will denote the ground 
state. Upon substituting the expression (43) for Y into (44), we find 
that the term involving m,(Q) vanishes because of the orthogonality 
of the electronic wave functions 0, and 0,(g ~k), and the remaining 
term may be written 


Myix; = | O3(Q) Myx(Q) P.(Q) 40 (45) 
where 
M,.(Q) = | OF (x,Q) mx) Ox(x, Q) dx (46) 
is the variable electronic transition moment. 


The transition probability from all vibrational levels of state k to the 
state g, 7 is proportional to 


D | Moves? = [ Oh(Q) ME(Q) ®,(Q) dO = (ME(O)>« (47) 


where the rule for a matrix product has been used. < ),; denotes the 
average. If B, is the Boltzmann weighting factor for vibrational state 7 
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(2B; = 1), then the total transition probability from state g to state k 
is proportional to 


Be (2/1 Mocas ) = ZY BM) (48) 


We now assume that we can expand the electronic wave function 
in the form 


O,(x,Q) = OL) + > Ane(Q) O2(x). (49) 


This is the basis of the Herzberg-Teller theory, and effectively assumes 
that we may treat nuclear motion as a perturbation on the electronic 
Schrédinger equation, taking for the zero order functions those for 
the vibrationless state. If the Hamiltonian of the molecule is written 


H =H,+ HQ) (50) 


where H, is the symmetrical part (for no vibration) and H,(Q) the change 
in H induced by the vibration, then first order perturbation theory 
shows that 


lO) = goa J O88) FA(Q) O48) a, (51) 


with E} and Ef the unperturbed energies of the electronic states s» and 
k, respectively. Then 


M,.(Q) = M3, + >) A.(Q) M8, + pz Ay(Q) M9, (52) 


where 

Mi, = { OF (x) m.(x) Of(x) de. (53) 
The only part of the Hamiltonian which contains Q is the Coulomb 
interaction between the electrons and the nuclei, and for small displace- 


ments H,(Q) involves the displacements linearly. Equation (51) may 
then be expressed in the form 


Ae(Q) = Dy AnsaQa (54) 
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where Q, are the individual coordinates of the nuclei. Substituting (54) 
in (52), and the result in (48), we find the total transition probability is 
given to the second order in the A’s by 


(M2,)? + Y BKO2D ss (B) Ano, +S AyoM2,) (55) 
7,a s t 


The g-k transition contains a forbidden component if for at least 
one s neither A;,,,, nor M9, vanishes or for at least one ¢ neither A),, 
nor M, vanishes. If one M), is nonvanishing, s must be the upper 
state of a transition from g which is allowed. The symmetry of such 
states may be determined by group theory for any particular molecule. 
For Ay sq not to vanish, the product 92°H,@% must contain at least 
once the totally symmetric representation of the group of the molecule, 
and since the symmetries of 6? and 0% are known the possible symmetries 
of H, may be determined. 

If M}, = 0 the transition is forbidden in the absence of vibration. 
If, in addition, one M?, 40 Of and 69 are of different symmetries. 
Elementary group theory shows that M), ~ 0 only if H, is not totally 
symmetrical, and hence that the vibrations are not totally symmetrical. 
If M),, ~ 0 totally symmetric vibrations may contribute to the intensity. 

The general conclusion from the theory sketched here is that if a 
transition is forbidden in the absence of vibration, it may acquire a 
finite strength by interactions with nontotally symmetric vibrations. 

We shall not discuss theoretically the effects of spin-orbit interaction, 
but in the next section we shall refer briefly to some of the work which 
has been done on this type of perturbation. The intercombination 
transitions to which it gives rise are much weaker than those produced 
by vibronic interactions. 


4.3 NUMERICAL RESULTS 


The most important examples of electronic bands which are made 
allowed by vibronic interactions are in benzene. There are three ab- 
sorption bands of benzene in the ultraviolet region of the spectrum. 
One at A1850 A is ascribed to a transition from the ground state (14,,) 
to an excited state 1#,,, and this transition is allowed even in the absence 
of vibration. It has an oscillator strength f = 0.6 (Potts, 1955b). A band 
at 42150 A is ascribed to 14,, — 1B,,, with f = 0.1 (Potts, 1955b). 
A third band at A2650 A is due to the transition 14,, — 1B,,, with 
f = 0.0014 (Klevens and Platt, quoted by Murrell and Pople, 1956). 
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There has been some controversy about the identifications of these 
upper states, but they now seem settled. Detailed examination shows 
that the 1B,, and 1B,, states are made accessible by e,, vibrations, 
Murrell and Pople (1956) applied the Herzberg-Teller theory to the 
calculation of the intensities of the A2650 and A2150 bands. They found 
for the 2650 band a value f ~ 0.01, and for 42150 f ~ 0.4, both 
values rather higher than the experimental values. Calculations were 
made by Liehr (1957, 1958) who obtained for A2650 f = 0.0003 to 
0.006, and for A2150 f = 0.01 to 0.06, according to the assumptions 
made. Albrecht (1960b) has made extensive calculations on benzene, 
obtaining for 42650 f = 0.0062 and for 42150 f = 0.053. The agreement 
between theory and experiment is not very good, but the discrepancies 
can probably be accounted for by the crudeness of the wave functions 
assumed. 

A second molecule which has proved of particular interest in connec- 
tion with forbidden bands is formaldehyde (H,CO). This has an absorp- 
tion system in the ultraviolet near 3500 A. In the electronic ground 
state (14,) the molecule is planar. The relevant excited state is of type 
14,, and group theory shows that the transition 14, <— 1A, is forbidden 
if the excited state is planar. There is good evidence that the excited 
state is nonplanar (Robinson and DiGiorgio, 1958), and it seems probable 
that vibronic interactions are responsible for the observed intensities of 
the bands. This has been confirmed by Pople and Sidman (1957), who 
have shown that there is a nontotally symmetric out-of-plane vibration 
which leads to intensity mixing chiefly from the 1B, <— 1A, transition. 
Their calculations gave f = 3 x 10-*, compared with an observed 
value 2.4 x 10-4. 

A number of other organic compounds have been studied in this 
way, including various substituted benzenes (Albrecht, 1960a, b; Potts, 
1955b), olefins (Potts, 1955a), and coronene (Sidman, 1955). 

The second type of forbidden transition—those connecting states of 
different multiplicities and caused by spin-orbit interaction—has been 
investigated for several substances. Sometimes these intercombination 
bands show in normal absorption spectra. In others they are observed 
by phosphorescence, a strong afterglow emitted after excitation by 
ultraviolet light. These bands arise because of a low-lying metastable 
triplet state. Spin-orbit interaction allows this to mix with an excited 
singlet state, and the transition from the singlet ground state to the 
excited triplet state becomes weakly allowed. The observed lifetimes 
(McClure, 1949 and other references) vary from 10-* to 100 sec or more. 
Aromatic compounds have the longest lifetimes, and presumably the 
smallest spin-orbit interactions. Among the evidence supporting the 
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attribution of these finite lifetimes to spin-orbit interactions may be 
mentioned the increase in transition probabilities when (say) bromine 
replaces chlorine in halogen substituents, the transition probability 
increasing with the square of the spin-orbit parameter for the atom, 
as one would expect on theoretical grounds. 

A weak transition in formaldehyde near \3900 A has been identified 
as a 3A, «1A, transition (DiGiorgio and Robinson, 1959), Sidman 
(1958) has calculated by allowing for spin-orbit interaction that 
yo is x 10-7, and DiGiorgio and Robinson have confirmed this 
interpretation by polarization observations and by estimating an experi- 
mental oscillator strength of about 10-°. 

In benzene, a weak band at A3400 A has been ascribed to a transition 
3B,,, <-1A,,. Evans (1956) has shown that dissolved oxygen enhances 
these bands and their intensity as normally observed is not due mainly 
to spin-orbit interaction within the benzene molecule, but to spin- 
orbit perturbations produced by the oxygen. Craig and associates (1958) 
have shown that in oxygen-free benzene, the triplet-singlet transition 
has f <7 x 107, or the triplet lifetime > 300 sec; the bands were 
not visible through 22.5 meters liquid path length. Hameka and 
Oosterhoff (1958) studied the theoretical oscillator strengths, ascribing 
the °B,, <—1A,, intensity to mixing of °B,, and 1B,,. As mentioned 
earlier the 1B,, <—1A,, transition derives its intensity from vibronic 
interactions, so that °B,,, <-1A,, has a finite strength only because of 
the combined effects of vibronic and spin-orbit interactions. Hameka 
and Oosterhoff obtained f = 8.8 x 10-1*, corresponding to a lifetime 
of 190 sec. There is a possibility that the upper state should be °B,, 
(instead of *B,,) and if that were so the lifetime would be increased 
to 800 sec, or f = 2.1 x 107%. 

Other molecules which have been studied in connection with inter- 
combination transitions include acetone (Hameka and Oosterhoff, 1958) 
and thiophosgene (Burnell, 1956). 


5 Forbidden Transitions in Crystals 


In crystalline salts many atoms make up closed shells by losing valency 
electrons or by completing shells, and the ions so formed, being in 
1S states, are of little interest. In the case of the transition elements in 
the long periods and in the case of the rare earth elements, the ions 
which remain have incomplete d” or f” shells. These have ground states 
which are degenerate. It is a good approximation to regard the ion of 
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the transition element or rare earth as being situated in an electric 
field formed by the remaining ions of the crystalline lattice. This 
crystalline field, together with the spin-orbit interaction of the electrons 
in the incomplete shell of the ion, causes the degenerate levels of the 
ion to be split into many levels of distinct energies. Considerable interest 
attaches to the spectroscopic transitions which take place between all 
the various energy levels. 

The transitions in the optical region of the spectrum take place 
between levels separated by intervals comparable with those in the 
free d” or f” ion, and closely correlated with them. The transitions are 
weak, many of the lines having oscillator strengths of order 10-*; they 
range from 10-° to 10-1°. This suggests that they are forbidden at 
least to some degree of approximation. The lines are sharp, and occur 
in groups of nearly the same wavelengths. The lines are interpreted as 
being due to transitions within the d” or f” shells, and are forbidden 
(by Laporte’s rule) for free ions since they connect states of the same 
parity. They must be due either to forced electric dipole radiation or to 
magnetic dipole or electric quadrupole radiation. Study of the occurrence 
of the lines in groups has shown that each group usually corresponds to 
one possible transition in the free ion, and the various lines of the group 
arise from transitions between the levels into which the ion states are 
split by the crystalline field. It might therefore be expected that the 
transitions are themselves produced by the perturbing effects of the 
crystal field. Detailed calculations have confirmed this. Estimates of the 
intensity of transitions produced by crystal field perturbations have been 
made by Broer and associates (1944) and they find values of 10-° to 
10-§ for the oscillator strengths of typical transitions. In the case of 
magnetic dipole and electric quadrupole radiation transitions are per- 
mitted between states of the same parity, so that the crystal field pertur- 
bations can be ignored. Intermediate coupling theory is required for 
the magnetic dipole transitions, taking the spin-orbit interaction as the 
perturbation. Estimates of the oscillator strengths for magnetic dipole 
and electric quadrupole transitions by Broer, Gorter, and Hoogschagen 
were 2 x 10-8 and 2 x 10-°, respectively. On grounds of predicted 
intensities it seems probable that most of the stronger transitions are 
due to forced electric dipole radiation. 

Further evidence for the nature of the transitions has been obtained 
by the study of the behavior of polarized light passing through large 
single crystals of the salt. Magnetic dipole and electric dipole radiation 
behave in a different manner. In this way it has been shown that a 
very large number of transitions are due to electric dipole radiation. 
For example, Sayre et al. (1955) have proved that all lines from PrCl, 
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crystals are due to electric dipole transitions, and Bio A252) has shown 
that in manganous fluoride the transitions from the °A,, ground state 
to the excited quartet states have oscillator strengths of order 10-7 and 
are all electric dipole radiation. 

Although most lines in crystal spectra are due to enforced electric 
dipole radiation, there are two examples of magnetic dipole radiation. 
One occurs in crystals containing the Eu®+ ion; the free ion has a 
4fé configuration, and the transitions observed occur between levels 
(in the free ion) *F and 5D. Polarization studies by Sayre and Freed 
(1956, and earlier papers by Freed) have shown that in the crystals the 
transitions "Fy — °D,, 7F, — 5D, and 7F, — 5D, are due to magnetic 
dipole radiation. The transition ’F') — °D, has an oscillator strength 
of 10-8. Several other transitions have been observed, and are due to 
electric dipole radiation. Among these is the transition 7Fy — °Do, with 
an oscillator strength about 10-!°. This is of a still higher degree of 
forbiddenness, because the selection rule J = 0 <> J = 0 is violated; 
this rule holds even in intermediate coupling and for all types of radia- 
tion, and its breakdown is due to the crystal field perturbations. The 
other example of magnetic dipole radiation was found by Rosa (1943) 
in Dy*+ ions. 

C. M. Herzfeld (1957) has discussed the appearance of [N I] lines 
in solids, with half-lifetimes of 15 sec, instead of 20 hours for the free 
atoms. The transitions appear to be made possible because the terms 
2p?3s *P and 2p%3s 4P interact by spin-orbit interaction, and the terms 
2p73s *P and 2p°?D interact by crystal field perturbations. Thus the 
2p* 2D term acquires some of the characteristics of 233s 4P, and because 
the transition 2p23s 4P — 2p? 4S is allowed, the transition 2p 4S — 2p3 ?D 
becomes weakly allowed. 

Space does not permit of any further discussion of the spectra of 
crystals. Reference may be made to articles by Runciman (1958), 
Tanabe and Sugano (1954), Kotani et al. (1960), Hellwege (1948), 
Moffitt and Ballhausen (1956), and McClure (1959). There does not 
appear to be any known example of electric quadrupole radiation being 
observed in crystals. Many of the considerations discussed above for 
Crystals also apply to the spectra of solutions, but owing to the variable 
perturbations we get a broad absorption band corresponding to each 
group of lines in crystal spectra. Magnetic dipole and electric quadrupole 
intensities are the same in solutions as in crystals. 
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6 Forbidden Transitions in Astrophysics 


Space does not permit a detailed discussion of the occurrence of for- 
bidden transitions in celestial objects and of the information which has 
been obtained from them, and we shall only give references to the more 
important fields of work. An important general reference is Merrill 
(1956). 

Forbidden lines were first identified in gaseous nebulae, and they 
are the origin of many prominent spectrum lines. Many objects show 
lines from several stages of ionization of the same atom. The tempera- 
tures, electron densities and ionic abundances in the nebulae can be 
deduced from the intensities of the forbidden lines. The loss of energy 
in the forbidden lines is the chief mechanism controlling the electron 
temperature of the nebular gas. Excellent reviews on gaseous nebulae 
have been written by Aller (1956) and by Seaton (1960). 

Forbidden lines were discovered by Edlén in the solar corona. Their 
high degree of ionization provided strong evidence for an electron 
temperature of roughly 10® °K in the corona, and this in turn accounted 
for the absence of absorption and ordinary emission lines of hydrogen 
and the metals, for the breadth of the coronal lines, for the extended 
size of the corona, and for observations of solar radio emission. Useful 
reviews on the subject have been given by Edlén (1945), Allen (1954), 
and van de Hulst (1953). 

Forbidden transitions occur in the terrestrial atmosphere. The 
O, bt 5 — XX, bands are strong in the telluric spectrum, occurring 
near A7594 [(0-0) band], A6867 [(1-0) band] and 46277 [(2-0) band]. 
The a'4, — XZ; transition in O, is also present (Babcock and Moore, 
1947). It was during the study of the 47594 band that weak bands due 
to the isotopic molecules 016018 and later 01601" were discovered, these 
leading to the determination of the relative isotope abundances in oxygen. 
Forbidden emission lines [OI], [NI], [OII], [NII], the Vegard- 
Kaplan bands of N,, and the atmospheric and Herzberg bands of O, 
occur in either or both the auroral and airglow spectra. For reviews 
on these subjects see Goldberg (1954), Chamberlain and Meinel (1954), 
and Bates (1960). 

The presence of methane and ammonia in the atmospheres of the 
giant planets and the low mean densities of the planets made it seem 
probable that much of their atmospheres might be composed of H, 
and N,. Spectroscopic detection seemed impossible because neither 
H, nor N, has any permitted transitions in the accessible spectrum. 
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However, Herzberg (1938) suggested that the quadrupole rotation- 
vibration spectrum of H, might be observable in their atmospheres. 
He predicted the wavelengths which would be observed. The presence 
of the S(0) line of the (3-0) band in Uranus and Neptune was established 
by Herzberg (1952a); its origin was probably pressure-induced electric 
dipole radiation rather than quadrupole radiation. Kiess et al. (1960) 
have identified the lines Q(1), S(O), S(1), and S(2) of the (3-0) band of 
H, in Jupiter; these are probably quadrupole lines. 

Forbidden lines occur in numerous peculiar stellar spectra, including 
novae. A comprehensive discussion of the occurrence of forbidden 
lines may be found in Merrill (1956), who also gives an extensive 
bibliography. 

The 45577 line of [OI] is present in the solar absorption spectrum, 
and was studied in detail by Bowen (1948) and by Cabannes and Dufay 
(1948a), who also found the lines 4A6300, 6364 of [O I]. These lines are 
of interest because permitted absorption lines in oxygen in the accessible 
spectrum arise from high energy levels, and analysis of these transitions 
involves uncertainties in the solar atmospheric structure. Bowen showed 
that the forbidden lines can give an improved solar abundance of 
oxygen, and Osterbrock and Rogerson (1961) have rediscussed this. 
Cabannes and Dufay (1948b) identified a number of absorption lines 
of [Fe II], Babcock and Moore (1947) identified a line of [Si I] at 
\10991 and [N I] may possibly be present (Dufay, 1952). 

In §2.3 we discussed the magnetic dipole transition at frequency 
1420 Mc/sec between the two hyperfine levels of the hydrogen ground 
state. This transition has proved to be of exceptional importance in 
radioastronomical studies of our galaxy. It was discovered as an emission 
line in 1951 by three independent groups in Australia, Holland, and 
the United States. In spite of the low transition probability of the line 
it has been extensively observed. In the spiral arms of our galaxy there 
are clouds of hydrogen gas, with a mean density of about 1 hydrogen 
atom per cubic centimeter. The absorption coefficient computed from 
the transition probability is about | per kiloparsec (3.08 x 1018 cm). 
It is therefore of the right order to be important for problems of large 
scale structure. Many observations have been made and much informa- 
tion obtained. For a general account of this work see Oort (1959). 
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1 Introduction 


In this chapter we are concerned with single quantum electric dipole 
radiation from atoms and diatomic molecules. The early work on atoms 
is fully described in “Resonance Radiation and Excited Atoms” 
(Mitchell and Zemansky, 1934) and extensive tables of results are 
contained in “Astrophysical Quantities” (Allen, 1955). Comparable 
reviews of the work on diatomic molecules are not available. 

For detailed descriptions of spectroscopic terminology and for the 
basic theory of dipole radiation the reader is referred to the standard 
treatises by Pauling and Goudsmit (1930), White (1934), Condon and 
Shortley (1935), and Herzberg (1944, 1950). 


2 Basic Concepts and Formulae 


Consider an excited atomic system with w,, states 7 and w, states 7 
47 
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belonging to the degenerate levels m and n with eigenenergies E,, anq 
E,,, respectively, and suppose that E,, < E,. Then neglecting stimulated 
emission the rate per unit volume at which photons are radiated ip 
transitions from j to 7 is N,A,,, where N; is the number density in the 
state j and A,, is the Einstein coefficient for spontaneous emission of the 
component line. Accordingly, the total (energy) intensity of the emitted 
line of frequency 


Yam = Enm|h = (E,, —_ E,)/h (1) 
is 
Tum = Ean >, NsAse (2) 
i 
if we assume that the number densities in the different states of the 
same level are equal, which will be the case if the system has been 


excited isotropically, then the number density of atoms in the level n 
is given by 


N,, = o,N; (3) 
and we can write 

Tam = NrEnmAnm (4) 
where 

Anm = Y Ajilon (5) 


2,9 


is the Einstein coefficient for spontaneous transitions from level n to 
level m. The related quantity 


tn = 1D lnm (6) 


the summation being over all lower levels, is the radiative lifetime of the 
upper level. 

It is customaryt to describe the inverse process of absorption by 
means of the oscillator strength f,,,, which is related to the Einstein A 
coefficient through 

mehu, 
= Sop Am 7 
Fan 2e2E? wm nm ( ) 
Thus, the absorption coefficient K, (in cm7), which measures the 
attenuation of a uniform beam of photons of frequency », on integration 


t Condon and Shortley (1935) define an oscillator strength f (n, m) which is related to 
finn through f (n, m) = finn: 
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over the frequency spread of the absorption line centered at v,,, is 


mre” 
| K, dv = 2 Ny fu (8) 


This is an important result since it shows that the integrated absorption 
coefficient is constant if N,, is constant, irrespective of the physical 
process responsible for the line broadening. A similar relation holds 
for the integrated absorption cross section (in cm?), which is obtained 
from (8) on division by the number density N,,. 

The quantum theory of radiation yields for the case of single quantum 
electric dipole radiation 


4E° 
Aj; ae “3h4c3 Si (9) 
where 
Si = | Ry |? = (21 Pela) (10) 
and 
P= — Ser’, (11) 


the position of the sth electron being specified with respect to the 
nucleus by the vector r,, is the dipole moment of the atom; S;; is a measure 
of the strength of the component line in a specific state of polarization 
and propagated in a particular direction. However, the total intensity 
of the line from level to level m depends instead on 


Sum = y Si (12) 


as can be seen by substituting (9) into (5) and (4). The so-called line 
strength S,,,, is symmetrical with respect to interchange of the levels n 
and m; it can be shown to weight equally all directions of propagation 
and all directions of polarization, and so is a convenient theoretical 
measure of line intensities from isotropically excited atoms. 

The selection rules for electric dipole radiation from atoms following 
from (10) are listed in Table I of Chapter 1. The oscillator strengths and 
spontaneous transition probabilities (second-1) associated with a line 
of wavelength A (angstroms) and strength S,,,, are given by the formulae 


3.04 X 10? Sim 
finn = ma = aa (13) 
18 
Besiee 2.02 x 108 Sim (14) 


a8 
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By appeal to the Schrodinger equation satisfied by the electronic wave 


functions ys; and y,, the dipole length matrix element (Bethe and Salpeter, 
1957) 


Mi, = [oF Dred, ar’ (15) 
may be expressed as the dipole velocity integral 


h2 
Mi = a | OE Pisa! (16) 





or in the dipole acceleration form 
he * ’ , 
Mi, = | ye (2 VV) jar (17) 


where for an atom of nuclear charge Z 





2 2 
a 2 A (18) 
s oe ode Ts 


and 


(19) 





; Ze*r, 


3 Calculations of Atomic Line Strengths 


The.calculation of atomic line strengths requires a knowledge of the 
wave functions of the states involved in the transition. References to the 
wave functions presently available are provided in the books by Hartree 
(1957) and Slater (1960) and in the article by Knox (1957). The line 
strength (12) involves the dipole length integral and is almost always 
evaluated in this form, rarely in the dipole velocity or dipole acceleration 
equivalent forms. The three formulae agree only if ¥, and ¥, are known 
exactly, or if self-consistent field representations are used together with 
the self-consistent values for E,,,, and the total electron potential energy 
when it can be uniquely specified. 
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3.1 RussELL-SAUNDERS COUPLING 


In Russell-Saunders coupling (Condon and Shortley, 1935) we can 


write 
Sam =S(M)AL) ohn (20) 


where (@) depends on the particular multiplet of the transition array, 
S(L) depends on the particular line of the multiplet, and 


roo) 2 
afm = (42 — 1} Py Py dr'| (21) 
0 


where P,,/r’ and P,,/r', normalized in atomic units, are the radial wave 
functions for the optical electron in configurations with azimuthal 
quantum numbers / and / — 1. The tables of relative multiplet strengths, 
S(M), compiled by Goldberg (1935) and Menzel and Goldberg (1936) 
and of relative line strengths Y(£) compiled by White and Eliasen 
(1933) and Russell (1936) are given in the book by Allen (1955) together 
with the sum rules for the total strength of the transition array derived 
by Goldberg (1936) and Menzel (1947). As a check on these tables and 
to extend them to cover all cases of astrophysical interest, Rohrlich 
(1959a) has derived expressions for Y(L) and S(M) which can be 
evaluated by means of tables of the coefficients of fractional parentage 
and tables of Racah coefficients (Racah, 1942, 1943; Edmonds, 1957; 
Kelly and Armstrong, 1959). A variety of useful sum rule expressions 
has also been derived by Rohrlich (1959b). 

The work of Bates and Damgaard (1949), which employs the Coulomb 
approximation to P, and P,, (discussed further by Seaton, 1958), must 
receive special mention because of the wide applicability of the tables 
published. The method gives results of high accuracy for all transitions 
in the lighter, simple systems (cf. Trefftz et al., 1957; Mastrup and 
Wiese, 1958; Richter, 1961) and meets with considerable success even 
in complex systems. The self-consistent field approximation to o2,, 
appears to be less satisfactory than the Coulomb approximation, even 
when exchange is included as in the Hartree-Fock approximation. 
Attempts to improve on the self-consistent field approximation by 
addition of a polarization potential to the central field have been made 
by Biermann and Liibeck (1948,+ 1949) and in the case of the Hartree- 
Fock approximation by Biermann and Trefftz (1949), Trefftz (1949), 


t In this paper Biermann and Liibeck calculate the oscillator strength for the 3082 line 
of AlI assuming it to arise from the transition 3523p 2?P — 3s?3d?D and obtain 0.71. 
Burgess et al. (1960) however, confirm the belief of A. G. Shenstone that the 2D term 
very probably belongs to the configuration 3s3p? and it follows that this value is incorrect. 
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and Trefftz and Biermann (1952). The effects of departure from Russell. 
Saunders coupling due to configuration interaction (Trefftz, 1950, 
1951) and spin-orbit interaction (Shortley, 1935; Gottschalk, 1948) have 
been investigated in a few cases. The calculations of Trefftz (1951) 
allowed for polarization as well as configuration interaction. For the 
41S — 41P resonance transition in calcium the oscillator strengths 1.63 
and 1.31 were obtained using the dipole length and dipole velocity 
forms, respectively, which are to be compared with the self-consistent 
field value, 2.37, the Hartree-Fock value, 1.17, and the value 1.86 
obtained from the Coulomb approximation. All the values quoted use 
the experimental eigenenergies. Such a diversity of calculated values is 
not unusual and illustrates the lack of precision which still exists in 
calculations of oscillator strengths of complex atoms. When account is 
taken of the ease of calculation using the Coulomb approximation, the 
relative success in predicting the resonance oscillator strength in calcium 
is gratifying. 

A method of calculating line strengths which is especially suited to 
ionized systems is being investigated by Layzer (1961). The wave 
function of the system is expanded in inverse powers of the nuclear 
charge and subsequently modified by the introduction of a screening 
parameter determined from the associated energy expansion to first 
order. The transition integrals are then evaluated in terms of the resulting 
screened hydrogenic radial functions. The method has been shown by 
Varsavsky (1958, 1961) to yield reliable results in many cases. 


3.2 OScILLATOR STRENGTH SuM RULES 


Apart from the astrophysical interest in its spectrum (cf. Athay and 
Johnson, 1960) helium provides a simple system which can be used to 
test the various approximations which are made in the calculation of 
oscillator strengths, and so has received considerable attention from 
theorists (Trefftz et al., 1957, and references therein). The large number 
and high accuracy of the values calculated for helium, particularly for 
transitions from the ground state, makes it possible to test a number of 
theoretical relationships involving oscillator strengths, for example, the 
continuity condition at the spectral head (Hargreaves, 1929; Vinti, 
1933) and the oscillator strength sum rules (Dalgarno and Lynn, 1957). 
With energy expressed in rydbergs and all other quantities in atomic 
units, these may be written 


s(—4) => ee = (22) 
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there B can be determined from experimental data on the refractive 
ates and the Verdet constant of the system in the level m and the 
summation includes integration over the continuum. 


s(-2) =f =4 (23) 


where a is the polarizability of the system in the level m. 


_¥ finn _ 1 SP 
S( n= pe 3(m| 1 r) |m) (24) 





where V is the number of electrons in the system. 


80) = >) fan =V (25) 


S(1) = Zfnn Eom = 3 [— Em + (m] Xvi |m)] 26) 
where p, is the momentum of the sth electron. 


(2) = fron Bim = —F— (mE, 8x) 








m) (27) 


where 6(r) is the three-dimensional Dirac 5-function. Properly normalized 
one can regard these sums as giving mean values of powers of the 
excitation energy E,,,, weighted according to the oscillator strength of 
the associated transition. Thus, 


198 SC) = fan Bin 10g Bam] Soon Bb (28) 


is the expression for the logarithm of the mean excitation energy, log J, 
which controls the stopping powers of atoms towards fast charged 
Particles when k = 0 (Livingston and Bethe, 1937), and, when k = 2, 
1s the expression for the logarithm of the average excitation energy, 
log K, defined by Bethe (1947), which enters the expression for the 
Lamb shift. 

Comparisons of the values of S(k) obtained by summation of the 
best available oscillator strengths with those calculated directly or given 
by experiment have been made by Dalgarno and Lynn (1957), Kabir 
and Salpeter (1957), and Dalgarno and Stewart (1960) for the transitions 
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from the ground state of helium. Similar comparisons have been made 
by Dalgarno and Kingston (1958) for the 24S and 23S metastable 
levels of helium. By assigning values to the unknown oscillator strengths 
and by modifying those which were uncertain, it was possible for 
Dalgarno and his collaborators to satisfy exactly the relations with 
k = — 1, 0, 1, and 2. Finally, the amended oscillator strengths for 
helium were used in the remaining sum rule expressions and in (28) 
to calculate a wide range of atomic properties with high accuracy, 
Pekeris (1959) and Dalgarno (1960) have shown that a reliable analytic 
fit to S(k) can be obtained using only a few of the sum rule expressions. 
This method has been used with success to calculate refractive indices 
and Verdet constants for the inert gases (Dalgarno and Kingston, 1960) 
and log J for H, He, Li, and Be (Dalgarno, 1960), but is not so successful 
when applied to the calculation of log K. 


3.3. RESULTS 


Lists of references to calculations of line strengths are provided in the 
review by Garstang (1955) and in the Reports of the I.A.U. Commission, 
14a (1955, 1958, 1961). Since these lists were compiled, the only 
calculations of line strengths which seem to have been made are: 
hydrogenlike transitions (Herdan and Hughes, 1961; Karzas and Latter, 
1961); 3523p 2P — 3s3p? 2S, Al I (Eddy et al., 1961). 


4 Theory of Molecular Line Strengths 


If the nuclei of a diatomic molecule could be held stationary, separated 
by a distance 7, then the emission or absorption of radiation could 
occur only through a change in state of the electrons and, just as for 
atoms, line spectra would be observed. The intensity of such lines 
would be related to a line strength 


Sal) = > | REE (29) 


U5) 


where the summation is over the degenerate upper and lower levels and 


Relr) = f otters.) | evel dlrs, 0) ar, (30) 





y, and y%, being the wave functions for the electrons with coordinate 
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vectors fs fixed with respect to the nuclear axis. An oscillator strength 
could similarly be defined 


fn?) = hese {Ur(r) — UA}, | REr) P (31) 
tJ 
where U(r) and U(r) are the potentials provided by the charged 
nuclei and the electrons and are a measure of the energies of the upper 
and lower electron levels, respectively. 

A slow vibrational or rotational motion of the molecules should have 
little effect on the electron state of the molecule but rather distribute 
the light intensity associated with the ideal electronic lines over many 
lines or over a broad continuum. According to the approximation of 
Born and Oppenheimer (1927), the form of this distribution is decided 
by the Honl-London and Franck-Condon factors, as we shall see later. 
The total intensity, it seems reasonable to suppose, is little changed 
and for this reason (29) and (31) are sometimes referred to as “absolute”’ 
line and oscillator strengths for the molecule, even though their relation- 
ship with the total intensity is not the simple one which can be written 
down for atoms. 

The basic theory of electric dipole radiation from diatomic molecules 
is identical with that for atoms, the line strength being given by (10), 
where now 7 and j specify states of the molecule, particular modes of 
nuclear rotation and vibration being associated with each state of electron 
motion, and P is the total dipole moment of the molecule. The selection 
rules are discussed in Chapter 1, § 3. 


4.1 THE BorN-OPPENHEIMER APPROXIMATION 


In the Born-Oppenheimer (1927) approximation the diatomic molecule 
wave function is written 


Viosane = Yale, 1) > Val?) bran ®) (32) 


where %, is the wave function for the electrons with coordinate vectors r, 
specified with respect to the molecular axis, and with angular momentum 
Ak about the molecular axis; 4, and %,,,, specify the states with vibra- 
tional quantum number wv and rotational quantum numbers J and M 
and @, y, and are the Euler angles relating the coordinate system on 
the molecule to the fixed coordinate system (Goldstein, 1953). Thus, 


Ree = (io'J'A'M’ |P*| io" J"A"M") + Gi) (0'J'M’ [PP | 0" J"M") 
(33) 
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where P¢ and P” are the electronic and nuclear electric dipole moments, 
respectively, the second term vanishing if, as we shall assume, an 
electronic transition takes place. The first matrix element is evaluated 
by transforming the electric dipole moment to coordinates r, fixed 
with respect to the molecular axis through 


pe = 2 er’, = | > er,| - D9, x, ) (34) 


where D(9, x, y) is the dyadic whose elements are the direction cosines 
relating the coordinate axes fixed in the molecule to the fixed coordinate 
system. This gives 


ROAM = ( jo’ | {_> er,| le”) (J'A'M’ |D(6, x,y) | JAM") (35) 


The matrix elements (J’A’M’|D|J’’A’M”), which determine the 
selection rules in the approximation here considered, have been evaluated 
by Dennison (1926), Kronig and Rabi (1927), and Rademacher and 
Reiche (1927). The squares of the transition moments R#%;4'¥),. on 
summation over the degenerate quantum numbers M’ and M” and 
over the degenerate electron states give 

(36) 


nv’ J’ A’ —_ a’ A’ 
So gene =. Shae vu 


where S74, is the Hénl-London (1925) factor which is well tabulated 
(Rademacher and Reiche, 1927; Herzberg, 1950) and where 


Pow? = > 


The dimensionally incorrect description vibrational transition probability 
is sometimes given to p,y”, but the term band strength suggested by 
Chamberlain (1961) is preferable. 

From the line strength S"7, expressions for the associated 
transition probabilities, oscillator strengths, lifetimes, and intensities 
can be written down, the intensity of the nv’ J’A’ — mv’ J’’A” line, 


for example, being given by 


[ber Rear ar (37) 





4 no's’ A’ 
AES 9. cing SO A: 


Tea er = Ne ee ope 


(38) 


where w, is the weight of the upper electron level or potential energy 
function and N, is the number density in the rotational state ]’. 
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Since bu 
> 974. = (2 +1) (39) 


Je 


the total intensity of all rotational lines in the v’ — v” band is 


rey ee 
ton = Ps Pj gepe Nv SB on (40) 
where N, = 2, Ny, if the band is sufficiently sharp so that an 
average energy jump E,,,.. for the whole band can be defined. E,,,- 
can usually be taken without serious error to be E,9, yo (Robinson 
and Nicholls, 1961). A mean Einstein A coefficient and oscillator strength 
fox” can, in these circumstances, be derived using (4) and (5) and a 
mean lifetime associated with the vibrational level v’ using (6). 
The total intensity of all bands in the band system 


1 a = BS Ty (41) 


is of little interest because of the difficulty of defining an average jump 
for the band system. However, if the quantity 


Pow = Dy Pero = (01M 10’) (42) 


which enters the sum 





Ly —_ AD yy 
2, Nv tte, ay 


is approximately independent of v’, then such sums may be used to 
estimate approximately the ratios of the population densities in the 
upper vibrational levels and hence vibrational temperatures (cf. Herzberg, 
1950). In such circumstances, one can also sum over the upper vibrational 
quantum number giving 





Ly y _ Dye 
fi, He, Heo, (44) 


where N, = 2, N, and p,- is a suitably averaged value of p,, for 
the upper vibrational states. To associate a mean Einstein A coefficient 
for the whole band system using (4), we need to define an average 


energy jump for the band system E4,,- so that 





vv =wN 4 EN Pov . (45) 


— Fi 
Lom = | irae 
pe ie 
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Usually p,.. and E}.,.- vary considerably with v’ and v”’ so that suitable 
averages are difficult to specify and electronic oscillator strengths or 
transition probabilities determined from the experimental data on the 
basis of (45) can claim order of magnitude accuracy only. 

Similar considerations apply to the theory of absorption. 


4.2 FRraNcK-CONDON FacTorRs AND 7-CENTROIDS 


If §,(r) is replaced by some mean value Re, and taken outside the 
integral sign (37) becomes 


Pov’ = W'v"" > | Re, |? (46) 
4,9 
where 
Qe = Sto Pye dr |? (47) 


Following a suggestion of Bates (1952) q,’," is called the Franck-Condon 
factor because of its obvious association with the Franck-Condon 
principle. 

Alternatively, account can be taken of the variation of the electron 
transition moments with internuclear distance by the method of 
r-centroids. This method was developed by Jarmain (1953) and by 
Fraser (1954a), who noticed that, using Morse-type vibrational wave 
functions, the wave function product in (37) behaved effectively on 
integration like a delta function. Thus, we can write approximately 


by tol foe Py dr = d(r aa Ty'y’") (48) 
where 
Tyry” — J bo r Pye ar] J bee py dr (49) 
is the r-centroid for the transition. On substitution in (37) this gives 
Por’? = Wr" > | Re (To'v) |. (50) 


ai 
The range of validity of the r-centroid approximation has been discussed 
by Fraser (1954a). 

Assuming its validity and the availability of arrays of values of q,-y~ 
and 7,’y", it is possible to use (50) together with experimental band 
intensities to trace out the variation of 2;; | Ri;(7yy~) |? as 7,» varies, 
that is, to plot the electronic transition moment as a function of inter- 
nuclear distance (Fraser, 1954a). For substitution of (50) into (40) gives 





1 3h 3 wy Lyry 61) 


Sam(7 ye) = | RE, (7 vy) — 
7 py Lee Ny Igy ye | ee 
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where all quantities are known except N,,, which, however, is constant 
along av” progression in which v’ is constant. A different plot is obtained 
for each value of wv’, the ordinate scales of each being proportional to 
N.. By judicious adjustments of the scale, a continuous curve can be 
obtained. Such curves have been obtained in the following cases: No, 
first positive (Turner and Nicholls, 1954a,b); N», second positive, 
and Nj, first negative (Wallace and Nicholls, 1955); CN, red (Dixon 
and Nicholls, 1958); CN, violet (Ferguson and Nicholls, 1961); Of, 
second negative, CO, Angstrom, and CO, third positive (Robinson and 
Nicholls, 1958a); NO, 8, and NO, y (Robinson and Nicholls, 1958b); 
CO+t, comet tail, BO, «, and BO, 8 (Robinson and Nicholls, 1960); 
O,, Schumann-Runge (Hébert and Nicholls, 1961 ; Treanor and Wurster, 
1960); SiN, violet (Ferguson et al., 1961); BN, violet (Stevens and 
Nicholls, 1961); BeO, 12 —12' (Tawde and Murthy, 1960a). The 
method has also been used to interpret intensity measurements pre- 
viously reported. For example, Nicholls (1956) has discussed OH violet, 
CN violet, C, Swan, and O, Schumann-Runge band systems; Biberman 
et al. (1959) have discussed O,; and Ortenberg (1960) has discussed 
TiO, «. 


4.3 CALCULATIONS OF VIBRATIONAL INTENSITIES 


It is clear from (46) and (50) that the Franck-Condon factor plays a 
very important role in the determination of intensity distributions in 
band systems. The calculation of arrays of Franck-Condon factors 
requires a knowledge of the solutions of the Schrédinger equation for 
molecular vibration, 





2, 
The 4 2H te, — Ul} = 0, (52) 
& being the reduced mass of the pair of constituent nuclei, U(r) the 
potential provided by the electrons and the charged nuclei, and E, 
being the vibrational energy belonging to the state %,. Theoretical 
estimates of U(r) are never so accurate as those obtained from spectro- 
scopic data. The usual procedure is to determine U(r) as a numerical 
function by the methods developed by Rydberg (1931), Klein (1932), 
and Rees (1947) and improved upon by Jarmain (1956, 1959, 1960a, b) 
and by Vanderslice and his collaborators (cf. Tobias et al., 1960 and 
references therein). To determine a wide range of solutions of (52) and 
to use them to calculate Franck-Condon factors is a formidable com- 
putational task. Until recently it has indeed been necessary to resort 
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to various simplifying approximations. Although now redundant, these 
are still instructive. 

If U(r) is represented by a simple harmonic potential, analytic expres- 
sions for gq, can be derived (Hutchisson, 1930). In the work of 
Hutchisson (1931), Gaydon and Pearse (1939), Pillow (1949, 1950, 
1951, 1952, 1953a,b, 1954a, b, 1955), Pillow and Rowlatt (1960), 
Nicholls (1950), Montgomery and Nicholls (1951), and Turner and 
Nicholls (1951), this approximation has been refined to allow for the 
distortion of U(r) from simple harmonic form. Bates (1952) has included 
the distortion effect by a perturbation procedure and published a 
useful double entry table from which Franck-Condon factors for v’, 
v'’ = 0, 1, 2 can be read. 

Morse (1929) has shown that molecular potential energy curves can 
be fitted by 

U(r) = De {1 — e-Bir-re) 2 (53) 


where Dg is the dissociation energy and 7e the equilibrium internuclear 
distance, and that the resulting Schrédinger equation can be rigorously 
solved. It is not possible, however, to evaluate q,-,-. analytically with 
such Morse wave functions and recourse must be made to numerical 
integration (Bates, 1949a; Jarmain and Nicholls, 1954). Analytic inte- 
gration is possible if 8, and £,, in the Morse wave functions for the 
upper and lower potential energy curves are replaced by an average B 
(Fraser and Jarmain, 1953). Methods of correcting the results obtained 
have been developed (Jarmain and Fraser, 1953; Fraser, 1954b) and 
used (Jarmain et al., 1953, 1955, 1960; Fraser 1954b; Fraser et al., 1954; 
Nicholls et al., 1959, 1960; Ortenberg, 1960). The most recent analytic 
integration procedure, based on the WKB method (Biberman and 
Yakubov, 1960; Yakubov, 1960) has the virtue of accuracy for high 
vibrational quantum numbers where, however, the realism of the Morse 
potential is in doubt. Wu (1952) in a paper critical of the Pillow distor- 
tion procedure has also considered the WKB method, and it has been 
used by Wyller (1953, 1958). 

To calculate r-centroids without the labor of direct numerical integra- 
tion, Fraser (1954a), following the suggestion of Jarmain (1953), has 
used the relation 


Eyy (v' |v") = (v' | 0" — U™ I] 0") (54) 
which is readily derived from (52). Substitution of (48) in this yields 


Eyre = UF yg) — U" (Ferg) (55) 
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which can be solved for 7, (Nicholls and Jarmain, 1956). Arrays of 
7_, have been computed for a large number of systems by this method 
(Nicholls and Jarmain, 1956; Nicholls et al., 1956; Nicholls, 1958; 
Jarmain et al., 1960; Tawde and Murthy, 1960b; Ortenberg, 1960). 

Many of the calculations reported in this section are being repeated 
using fast computers, the accuracy being limited only by the accuracy 
of the empirical potentials. (Nicholls, 1961). 


4.4 CALCULATIONS OF ABSOLUTE MOLECULAR 
OscCILLATOR STRENGTHS 


If the electronic wave functions for fixed nuclei are known over a 
range of internuclear distances, then the electron transition moments 
R¢,(r) can be calculated and the strength of the transition expressed in 
terms of the absolute oscillator strength f,,,(r). The paper by Allen 
and Karo (1960) is a compilation of the molecular wave functions 
presently available. 

Since the early work of Mulliken (1939a, b,c, 1940a, b,c) and 
Lyddane e¢ al. (1941), reviewed by Mulliken and Rieke (1941), only a 
few calculations of absolute oscillator strengths have been made, mostly 
for a single value of the internuclear distance. The calculation of Bates 
(1949b) on the Nj first negative band system employed LCAO wave 
functions based on Slater and Hartree-Fock separated atoms wave 
functions and led to the conclusion that the oscillator strength lay 
between 0.025 and 0.095. The astrophysically important transition 
X?II — A*4 of the CH radical has likewise been treated using LCAO 
wave functions (Stephenson, 1951; see also Bates, 1951a). With the 
use of LCAO wave functions based on hybridized separated-atom 
wave functions, Shull (1950, 1951) carried out calculations on the 
N? first negative, C, Swan, and C, Délandres-d’Azambuja systems 
using both dipole length and dipole velocity formulations. By varying 
the degree of hybridization, the dipole length and dipole velocity values 
were made to agree giving the values 0.18, 0.23, and 0.18, respectively, 
which are about 40% larger than the dipole length values. The recent 
measurement of the oscillator strength of the Nj first negative system 
by Bennett and Dalby (1959) gives the value 0.0348, which lies within 
the limits estimated by Bates (1949b), and makes questionable the high 
degree of hybridization favoured by Shull (see Table IV). 

Fraser (1954c), using LCAO wave functions with hybridized Slater 
atomic orbitals, calculated the electronic transition moment of the 
N, first positive and N, second positive systems at a number of inter- 
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nuclear_separations. His work agrees with the measurements of Turner 
and Nicholls (1954b) for the first positive system, but the agreement 
with the measurements of Wallace and Nicholls (1955) for the second 
positive system is not so good. The computations of Mulliken and 
Rieke (1941) using the LCAO, MO, and AO methods for the oscillator 
strength of the Lyman and Werner transitions in H, have been repeated 
by Shull (1952) using the dipole velocity formula. The two sets of 
results are in close agreement if the charge parameter for the o, bonding 
orbital takes on the value 1.2 obtained by the variation method. 

Recently an exhaustive investigation of the Lyman transition in H, 
has been made by Ehrenson and Phillipson (1961). By successively 
improving the wave functions they showed that the f values calculated 
using (15)-(17) converged towards a unique value. 

To examine the extent of the inaccuracy inherent in the calculation 
of molecular oscillator strengths using approximate molecular orbitals, 
Bates and his collaborators have carried out an extensive series of cal- 
culations on Hj and HeH?+ for which exact fixed nuclei wave functions 
are available (Bates et al., 1953b; Bates and Carson, 1956) over a wide 
range of internuclear separations. The transitions studied, together 





TABLE I 
Range of 7 
Molecule Transitions (atomic units) Reference 
H} lsc — 2po 0-9 Bates (1951b) 
H} lso — 2p7, 2po — 3dz, 0-5 Bates et al. (1953a) 
2pa — 3dr 
H} lso — 3po, so — 4po, 0-5 Bates et al. (1954) 


Iso — 4fo, 2pa — 2so, 
2po — 3so, 2po — 3do 
H? 2p7 — 2so, 2pm — 3so, 0-5 Lewis et al. (1955) 
2pn — 3do, 3da — 3p0, 
3dx — 4po, 3d — 4fo 


HeH?* lso — 2so, lso — 3do, 0-5 Dalgarno et al. (1956) 
2sa — 3do 

HeH?+ lso — 2p, 2pa — 2so, 0-5 Arthurs and Hyslop (1957a) 
2p7 — 3do 

HeH?+ Iso — 2p0,2 2po — 2so, 0-5 Arthurs et al. (1957) 


2po — 3do, 2po -- 2p7 





* Extended from r = 5 to r = 10 by Arthurs and Hyslop (1957b). 
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with the references are presented in Table I. The opportunity was taken 
to compare the exact oscillator strengths with those obtained in the 
length and velocity formulations using approximate orbitals. The main 
conclusions have been summarized by Dalgarno et al. (1957). The 
comparison shows that the LCAO approximation often yields results 
which are seriously in error and that the dipole velocity formula is not 
always to be preferred to the dipole length matrix element. In Figs. 1 





Fic. 1. Oscillator strengths of HeH?+. Curve (i), lso — 3do; curve (ii), Iso — 2s0; 
curve (iii), Iso — 2p0. /, residual sum (see text). 


and 2 a representative set of oscillator strength curves for HeH?+ are 
displayed, demonstrating the rapid variation of oscillator strength with 
internuclear distance obtained. Since the oscillator strength sum rule (25) 
applies, and since for the present problem (ter Haar, 1952) 


Dial —n'l'a|r)=4 (56) 
nk 
Df (alo — nln |r) = 3, (57) 
a 


it is possible to estimate the sum, S(n'l’c | r), of the oscillator strengths 
for all the transitions left out of consideration. This curve is also pre- 
sented in Figs. 1 and 2 for transitions arising from the lso and 2p7 levels, 
respectively. 
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Fic. 2. Oscillator strengths of HeH?+. Curve (i), Iso — 2p7; curve (ii), 2p0 — 2p7; 
curve (iii), 2p7 — 2sc; curve (iv), 2p7 — 3sc. S, residual sum (see text). 


5 Measurements of Atomic Transition Probabilities 


The direct relationship (8) between the integrated absorption coefficient 
of a spectrum line and the oscillator strength f of the transition has 
enabled measurement of atomic oscillator strengths from absorption 
profiles of atomic lines provided that the number of absorbing atoms 
in the light path is known accurately. In cases where the material 
concerned is easily kept in the vapor phase, a furnace is often used to 
maintain a thermal distribution of energy levels in the absorbing column 
of gas. The number of molecules in the absorbing path can then be 
determined from a knowledge of gas pressure, gas temperature, and the 
assumption of a Boltzmann distribution. This direct method has been 
extensively used for lines of astrophysical interest by R. B. and A. S. 
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King (1935, 1938; R. B. King, 1942, 1947, 1948) who designed a 
special furnace for their researches. R. B. King and his colleagues 
(Bell et al., 1958, 1959) have refined the method by making optical 
absorption measurements through atomic beams of such metals as 
Mn, Cu, and Fe. The concentration of atoms in the absorbing beam 
of light is measured from the kinematics of a very light pan (which is 
suspended by a fine weak quartz helix) on which the atomic beam 
impinges. Absolute measurements of this kind are difficult and slow 
to make. 

It is inconvenient to use absorption techniques and furnaces for high 
melting point materials. Recourse has then to be made to measurements 
of intensities of spectral lines in emission. These intensities are con- 
trolled through (2) by the Einstein A coefficient which is given by (5) 
and (9). The intensity of the line in emission is often defined as the 
energy radiated by | cc of gas in all directions through an optically 
thin gas. 

Allen and Asaad (1955, 1957) have measured, by photographic 
photometry, oscillator strengths in emission for astrophysically important 
atoms of the iron group. They photographed the spectrum of an arc 
between electrodes of copper containing very dilute amounts of the 
metallic elements studied. The relative oscillator strengths of the lines 
were inferred from photographic intensity measurements which could 
be made on a relatively routine basis for a large number of lines. These 
relative oscillator strengths were placed upon an absolute scale by 
comparison with lines of known absolute oscillator strength of Cr, Mn, 
and Fe. Allen (1960) has critically discussed the available oscillator 
strengths of neutral atoms of the iron group. 

Lochte-Holtgreven (1958) and his collaborators have developed high- 
temperature (~30,000°K) constricted, water-cooled arcs in which the 
spectra of atoms and ions are thermally excited. Absolute oscillator 
strengths and arc temperatures have been inferred from intensity 
measurements in emission (Mastrup and Wiese, 1958; Hey, 1959; 
Wiese and Shumaker, 1961). 

A number of other methods which do not involve direct spectroscopic 
observations have been developed. Many of the classical methods 
reviewed by Mitchell and Zemansky are optical in nature (e.g., magnetic 
rotation, dispersion). In the magnetic rotation method of Weingeroff 
(1931), the rotation of the plane of polarization of light of frequency 
in the neighborhood of an absorption line is used to measure the oscillator 
strength of the line. The method was applied by Stephenson (1951) 
to the resonance lines of the alkaline metals Na, K, Li, Rb, and Tl. The 
method does not require a knowledge of vapor pressure of the metal. 
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The hook method of Rogestwensky (Rogestwensky, 1912; Rogestwensky 
and Penkin, 1960), which is much used in the Soviet Union, is extremely 
simple in principle, as demonstrated by Ladenburg and Wolfsohn 
(1930). It is very powerful but requires that the material concerned 
be easily maintained in the vapor state. A Jamin interferometer is crossed 
with a stigmatic spectrograph and the system illuminated with a con- 
tinuous source of radiation. When both the tubes of the interferometer 
are evacuated and the compensating plate removed, horizontal inter- 
ference fringes appear in the continuous spectrum. On replacing the 
compensating plate they become oblique. If a gas with an absorption 
line at an accessible wavelength is now introduced into the tube, the 
oblique interference fringes become hook shaped symmetrically on 
both sides of the absorption line. The wavelength separation of two 
hooks, symmetrically placed with regard to the absorption line, is 
proportional to the square root of the oscillator strength. Ostrovskii 
and Penkin (1960) recently have measured oscillator strengths for 
65 lines of barium between 3889 and 7911 A by the hook method. 

The postwar development of millimicrosecond resolving time elec- 
tronics and the accompanying method of delayed coincidences (Dunworth, 
1940; Bell et al., 1952) for nuclear lifetime measurements has made 
direct measurement of atomic lifetimes possible. 

Early attempts to infer atomic lifetimes from decay of spectral features 
in pulsed discharges, or from the distance over which the brightness of 
the spectral feature in a gas flowing at a known velocity decays to 1/e 
of its brightness were always suspect because the measured lifetime 
might be influenced by processes in the plasma. 

The method of delayed coincidences involves two independent 
channels of detection in which counts can be registered. The two 
channels also together supply the inputs to a coincidence circuit which 
registers pulses which arrive at it in coincidence to within the resolving 
time of the circuit. Variable time delays (cables of known equivalent 
length) are used to delay the arrival at the input of the coincidence 
circuit of pulses from one channel relative to pulses from the other by 
a controlled time. 

Consider the two cascade transitions n—> p, pm in which the 
lifetime 7, of the intermediate state p is sought. Photons from n— p 
activate a photomultiplier which energizes the upper channel of the 
detector, and photons from p — m similarly are counted in the lower 
channel of detection. A variable delay T is introduced in the upper 
channel and the coincidence counting rate Coin is recorded as a function 
of T. The log Ccomvs. T curve is linear, and of slope — 1/7, at values 
of T greater than the resolving time of the circuit. The requirements of 
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Jow source strength to prevent overloading of the electronics and to 
maximize the true coincidence counting rate, and of high optical collec- 
tion efficiency of photons have been emphasized by Brannen et al. 
(1955a, b). ; ; : 

When an attempt is made to apply the method directly to optical 
cascade transitions, it is often found that one of the pair of transitions 
lies in the visible region and the other lies in the infrared or vacuum 
ultraviolet, for both of which simple detectors are not available. Con- 
sequently, effective single channel modifications of the method have 
been developed. 

Heron et al. (1954, 1956) excited, in a series of experiments, the 
31P, 42S, 3°P, 4°P, and 31D levels of helium with a 30-volt electron 
beam chopped at a pulse repetition rate of 10 kc/second into triangular 
pulses of 4 x 10-§ second width. The upper channel of their coin- 
cidence circuit was activated by the pulses from the electron beam 
and the lower channel was activated, in various respective experiments 
by photons from the 3889 A (33P — 23S), 4713 A (43S — 28P), 3188 A 
(48P — 23S), 5875 A (33D — 2°P), and 5016 A (3!P — 215) transitions, 
each selected by a suitable series of filters. Their measured lifetimes, 
compared with theoretical predictions are given in Table II. 


TABLE II 


LIFETIMES OF HELIUM LEVELS 


Lifetime 





Helium level Measured Calculated* 
(units of 10-® second) 





31P 74 40.1 7.4 
4S 6.75 + 0.10 6.4 
3°P 11.5 +0.5 9.7 
45P 15.3 +0.2 13.8 
38D 10 +0.5 1.39 





* Bates and Damgaard (1949). 


The method has recently been improved by Bennett et a/. (1960). 
They have a grating spectrometer in place of filters for isolation of lines 
between 1800 and 12,000 A, and use a 256-channel pulse-height analyzer 
with pulse-height time conversion in their detecting electronics which 
has a 10-® second resolving time. Preliminary observations on neon 
have been made. 
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Bradley (1956) and Sagalyn(1956) proposed an extension to the method 
of Brannen et al. (1955a,b) for the study of lifetimes of hyperfine levels. 
Geometrical and source limitations would probably render this un- 
workable. 

A bibliography of recent measurements is contained in the Reports 


of the I.A.U. Commission, 14a (1955, 1958, 1961). 


6 Measurements of Molecular Transition Probabilities 


A number of workers have measured emission band intensities to obtain 
band strength or p,, arrays. Systems of interest in astrophysics or 
aeronomy have received the most attention. Many of the investigations 
depend on photographic photometry with all of its attendant uncer- 
tainties of calibration. Some photoelectric measurements have also been 
made. The relative error is far greater fon ek than for strong bands. 
A knowledge of the population in the upper level concerned is required’ 
and thus thermal excitation (e.g., furnaces, arcs) was often used. Examples 
of such measurements of intensities in emission of common molecular 
band systems are seen in the work of Ornstein and Brinkman (1931) 
on CN violet, Elliott (1931, 1933) on BO wand &, R. B. King (1948) on C, 
Swan, Phillips (1954) on TiO « and Floyd and King (1959) on CN violet. 

It has of course been traditional for years to record subjective esti- 
mates of relative intensity in terms of plate blackenings. Such estimates 
are mainly used as an aid in identification although in some cases 
(Nicholls, 1954, 1960b) they can be used semiquantitatively. 

Limitations in reproducibility of response of the photographic emul- 
sion due to such phenomena as reciprocity failure and the intermittency 
effect make absolute photographic photometry a relatively inaccurate 
technique compared to photoelectric photometry which has been 
increasingly used during the past few years. There are, however, some 
nonsteady light sources which do not adapt to photoelectric scanning 
methods and force the continued use of photographic procedures. 
Under such circumstances the null method of Young (1954) which 
uses the photographic plate somewhat like a null galvanometer at zero 
deflection is to be recommended. 

A further photometric problem arises when spectral features exhibit 
moderate to severe overlap in wavelength. Although apparently objective 
methods can be used to divide the area under the profile of two over- 
lapped bands, the unique division of the area which minimizes error 
is hard to find. The rotational line intercept method (Robinson and 
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Nicholls, 1958a,b, 1960, 1961; Hébert, 1960) has been developed to treat 
cases of severe overlap between bands under conditions of high enough 
dispersion that a few individual lines per band are sufficiently resolved 
to be used. 

Following the introduction of the r-centroid concept, Fraser (1954b) 
suggested that al] the bands of the system could be used in the deter- 
mination of a smooth array of p,-, values by substitution of the continuous 
curve S,,,,(7), obtained with the aid of (51), into (50). 

By analogy with the well-established concept of oscillator strengths 
in the case of atomic transitions, the oscillator strength f,.. which is 
associated with an individual band may be written 


2m 
3 eo, Evy Pov (58) 


and in recent years there has been much activity to measure, from 
absorption spectra, and in some cases from emission spectra, absolute 
and relative values of oscillator strengths per band for a number of 
systems of atmospheric molecules. The band oscillator strength is an 
alternative to p,,, and, as can be seen in the above definition, is 
proportional to Ey,” pyy. 

A certain amount of confusion, however, has arisen by the attempt 
on the part of some authors to assign quantitatively an oscillator strength 
fmn to the complete molecular transition by equations such as 


finn = For? Eo0/9u'v Eyy (59) 


which may be formally derived from (58) by asserting that fnn = Ly fro 
and assuming that S,,,,(r) is independent of r and that Eo is an average 
energy quantum for the whole band system. Neither assumption is 
really valid and thus although the f,-,-- measurements described below 
are of undoubted value, the usefulness of assigning an f,,, to a complete 
transition is open to question. Any claim that f,,, is meaningful to better 
than an order of magnitude should be viewed with extreme scepticism. 
In some practical applications, such as estimation of radiant heat transfer 
in missile re-entry, order of magnitude estimates of f,,,, are of engineering 
use. 

Weber and Penner (1957) measured the absolute absorption coefficients 
of the (0, 0), (0, 1), and (2,0) NO y bands at a pressure (~ 100 psia) 
high enough for the rotational structure in each band to be smeared 
out. They assigned oscillator strengths to the individual bands from 
their measurements. 

Erkovich (1959) by incorrect reanalysis of low-pressure absorption 
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measurements of Marmo (1953) and Mayence (1952) claimed that the 
work of Weber and Penner was open to question. Penner (1960), 
however, has indicated the error in Erkovich’s procedure and given a 
useful view of the current status of NO y oscillator strengths. 

Weber and Penner (1957) also assigned an effective oscillator strength 
to the whole system. In view of the foregoing discussion, it is doubtful 
whether this is very meaningful. 

Bethke (1959a) recently measured photoelectrically band by band 
absorption coefficients of the pressure-broadened NO spectrum between 
1700 and 2300 A. Bands of the 8, y, 5, and « systems| were involved. 
Oscillator strengths of each of a significant number of bands of each 
system were determined. Bethke used a similar summing and averaging 
procedure to that described previously to assign effective oscillator 
strengths f,,, to the complete systems. In view of his assumptions of 
the constancy of S,,,(r) and the uncertainties in the q,’, values he 
used, it is doubtful that the +7 and +5% accuracy which he claims 
for finn is meaningful. His individual f,,.. are extremely valuable 
nevertheless. Erkovich and Pisarevskii (1960a, b) have re-examined the 
B, y, and 6 bands of NO using the work of Marmo and Mayence and 
computing the effect of oscillator strength for each system. In view of 
Penner’s (1960) valid criticisms of their method where they assumed 
constancy of S,,,,(r), their values are not quantitatively of great use. 

Keck et al. (1959) have made a survey of the spectral intensity distribu- 
tion in emission of shock heated air in which the luminosity from band 
systems of NO, N,, O,, and CN (from impurities) were reported. After 
photographic survey they measure photoelectrically, in a series of 
presumably identical repetitive shocks, the luminous intensity from 
2000 to 10,000 A. They infer oscillator strengths for each of the band 
systems (including NO 8 and y) from a combination of their measure- 
ments and a highly idealized theory of excitation conditions. In view 
of the strong CN impurity features, the idealized theory (no detailed 
account is given of some of the steps in it) the consecutive nature of 
the experiments and the inherent technical difficulties of transient 
emission spectral radiometry, their oscillator strengths must be treated 
as preliminary. In the case of NO y they differ from those of Weber 
and Penner and of Bethke by a factor of 24. 

The O, Schumann-Runge band system has received attention from a 
number of experimenters, some of whom have assigned effective 
oscillator strengths to it. For this system the change Are in internuclear 
separation involved is very large (~ 0.4 A). Consequently, the band 
system is spread over a wide spectral range (1700-4500 A). Ditchburn 
and Heddle (1954) working at low pressure measured the absorption 
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coefficients of bands of the v'’ =0 progressions by photographic 
photometry. They interpreted their measurements in terms of oscillator 
strengths for each band and assuming S,,,,(r) to be constant, assigned 
an effective oscillator strength to the bands which they added to a 

reviously measured (Ditchburn and Heddle, 1953) oscillator strength 
for the photodissociation continuum. 

Bethke (1959b) made similar measurements in absorption on pressure 
broadened bands using photoelectric detection. He derived oscillator 
strengths for each band and by using the same summation procedure 
as that adopted for NO (Bethke, 1959a) derived an effective oscillator 
strength f,,, for the whole system. His f,,, values are extremely valuable 
data for the v’’ = 0 progression; but his value of f,,, is open to the 
same objections as those discussed for NO. 

Treanor and Wurster (1960) in studying the O, Schumann-Runge 
system made photographic flash absorption measurements through 
shock heated oxygen for bands the v’ = 0, 1, 2 progressions. The 
bands are significantly rotationally extended in the hot oxygen and 
are thereby subject to severe overlap. The rotational line intensity 
method (Robinson and Nicholls, 1958a, 1961) was therefore adopted to 
infer, from the intensity of a few unoverlapped lines in each band, the 
absorption intensity of the whole band. Their f,,,,, values were thought 
of as a measure of p,,,, and from a rough comparison in v’”’ progressions 
between the variation of f,,,, and q,,” (shifted 1.5 to lower values of 
v’), Treanor and Wurster concluded that S,,,,(7) varied little over the 
progression and that its average value could be adopted for the whole 
system. They then infer an effective oscillator strength f,,,, for the whole 
band system using an effective average E. Again, their band-by-band 
oscillator strengths f,,,.. are extremely valuable, but the assumption of 
constancy of S,,,(r) is not substantiated in the work of Hébert and 
Nicholls (1960). Neither is it easy in such extensive band systems as the 
Schumann-Runge to assign an unambiguous average E. Thus, the 
significance (to better than an order of magnitude) of the oscillator 
strength of the whole system is doubtful. 

Hébert and Nicholls (1961) have measured photoelectrically in 
emission relative intensities of 30 Schumann-Runge bands, v’ = 0, 
v'’ = 9-19; vo’ = 1, v” = 8-12, 16-20; vw’ = 2, v”’ = 7-9, 15, 16, 19, 
and 21, using the rotational line intercept method. The variation of 
Sim(7) with r was derived, as was an array of smooth band strengths 
Py» using calculated extensive arrays of r-centroid and Franck-Condon 
factors (Nicholls, 1960b). In each progression a plot of p,-y vs. v”’ is 
Smooth and undulating. The pp, values of Hébert and Nicholls and 
the f,,- values of Treanor and Wurster agree well in general trend of 
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variation with v’’. However, the v' = 1, 2 progressions have fy, 
yalues below the smooth curve for v = 2, 3 (wavelengths less than 
3000 A). This could be an artefact of photographic photometry. The 
relative smoothed p,,. values of Hébert and Nicholls have therefore 
been made absolute by scaling onto the v’ = 0 data of Treanor and 
Wurster. Table III gives the resulting smoothed /,,,.. values. 

The shock tube measurements of Keck et al. (1958, 1959) of effective 
oscillator strengths of O, Schumann-Runge must be treated with some 
reserve for the same reasons as those cited previously for observations 
on the NO bands. Further, the reanalysis of their 1958 data by Biberman 
et al. (1959) must have been treated with the same reserve. Heddle 
(1960) discusses the effect upon linewidth and oscillator strength of 
the predissociation in the B°27, state of the system previously discovered 
by Wilkinson and Mulliken (1957) and Carroll (1959). 

Lifetime measurements have recently been made for the upper levels 
of a number of molecular transitions using the delayed coincidence 
method discussed previously. Bennett and Dalby (1959, 1960a, b) have 
measured radiative lifetimes of levels of the B*2' state of Nj, A‘T state 
of CO+, A?4 and B?Z states of CH*+, and the A?4 state of NH. Dayton 
et al. (1960) have measured the lifetime of levels of the B®2’+ state of 
NO}. Their results are summarized briefly in Table IV. 


TABLE IV 


LIFETIMES OF MOLECULAR LEVELS 





Electronic Vibrational Bands Mean radiative 
Molecule state level measured lifetime (seconds) 
N? Bex+ 0 (0, 0) 6.58 + 0.35 x 10-8 
Cot A?ll 1 (1, 0) 


av 2.78 + 0.2 x 10-8 





(1, 1) 





7 ss : av 2.61 + 0.2 x 10- 

3 (3, 0) 2.36 + 0.15 x 10-8 

4 (4, 0) 2.22 + 0.13 x 10-8 

5 (5, 0) 2.11 + 0.13 x 10-8 
CH AA 0 (0, 0) 5.6 + 0.6 x 10-7 
BS 0 (0, 0) 1.0 £ 0.4 x 10-8 

met a ee : i: av 4.25 + 0.6 x 10-7 


NO} Bex+ 0 (0, 0) 2.6 + 0.2 x 1077 
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1 Introduction 


This chapter is concerned with the theoretical calculation and expe- 
rimental determination of transition probabilities corresponding to 
photoionization of atoms, molecules, and radicles. It is mainly concerned 
with “optical processes,” i.e., with photoionization associated with 
the absorption of light of wavelengths 7000-300 A (~ 2-~40 e.v.). 
Photons in this energy range are capable of removing from the atom 
the valence electrons and, sometimes, electrons which are somewhat 
more strongly bound. 

There are, in principle, three problems: (a) to determine the threshold 
energy for photoionization, (b) to determine the variation of the transi- 
tion probability with the energy of the photon when this is above the 
threshold, and (c) to determine the products of the photoionization of a 
molecule, e.g., whether the absorption of a photon of given energy 
Produces O} or O+, and, if either is possible, of the relative probabilities. 

It would be desirable to have a general method of calculation which 
could be tested by experiments on a fairly wide range of atoms and 
molecules. When agreement had been found, such a method could be 
applied with confidence to excited states of atoms and to radicles which 
are difficult to produce in the laboratory but which may be important 
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in relation to astrophysics. The present situation is not very favorable, 
An exact calculation for the hydrogen atom is available and may be 
applied, mutatis mutandis to systems in which the electron moves in 
a nearly coulombian field, i.e., to the deep X-ray levels and to highly 
excited levels of the valence electron, corresponding to ‘‘nonpenetrating” 
orbits. In calculations on the removal of valence electrons from the 
ground state, general formulae based on approximate wave functions 
do not always give even the correct order of magnitude. Reasonably 
good agreement is obtained by special assumptions applicable to a 
given atom, but calculations of this type cannot be unambiguously 
extended to other systems. 


2 Experimental 


The transition probability may be obtained by measuring: 

(a) the absorption coefficient for a gas of known concentration; 

(b) the number of ions produced per cubic centimeter when radia- 
tion of known intensity is incident upon a gas of known concentration; 

(c) the recombination radiation due to capture of electrons by positive 
ions. 

Methods (a) and (b) determine the atomic or molecular cross section 
(c,) for photoionization by radiation as a function of the wavelength.t 
Method (c) determines the capture cross section (o,) for electrons of 
velocity v when they are captured directly into the appropriate discrete 
state of an atom or molecule. We shall require the use of the following 
relations: 


he 


é é 
hy =~ = (Vi + Ve) ang = Vp 399 (1) 


where v and A are the frequency and wavelength of the incident radia- 
tion; Vp and V¢ are the potentials corresponding to the energies of the 
incident photon and of the emitted electron (in volts) and V; is the 
ionization potential. 

By the principle of detailed balance, or directly by quantum mechanics, 
one can show that 


Cy  —s we Vi 
oO,  2wymc? 300Ve (2) 








to, is defined by Eq. (4). 
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where w; and w, are the statistical weights of the initial state and the 
residual system in the final state, respectively. The spin degeneracy 
of the free electron has already been taken into account in the derivation 
of the formula, and must not be included in w,. 
It is convenient to express o, and o,.in megabarns (1 Mb = 10718 cm?). 
When a parallel beam of radiation passes through a gas at pressure p 
and temperature 7, the absorption in a thin layer dl is given by 


T= rae) 3) 


where I is the radiation incident on the layer and d/ is the fraction 
absorbed in it, a is the absorption coefficient (in cm~) for the gas at 
standard temperature and pressure. The conditions for the validity of 
Eq. (3) are: 

(a) The radiation must be so nearly monochromatic that the effective 
absorption does not change as the radiation advances through the gas 
(Lambert’s law), i.e., « independent of 1. 

(b) « must be independent of p and T so that dJ is proportional to 
p/T, i.e., to the concentration (Beer’s law). This is so if there is no 
effective change in the composition of the gas (e.g., by dissociation of 
molecules) when p and T vary and if the absorption coefficient is not 
significantly affected by interatomic or intermolecular collisions. 

When a has been measured, oc, is obtained from the relation 


No, = 10x (4) 


where N is Avogadro’s number (2.69 x 10!® atoms/cc). The factor 
108 is required because « is measured in cm7 and o, in megabarns. 


2.1 MEASUREMENT OF ABSORPTION COEFFICIENT 
Nearly all measurements of absorption due to photoionization have 


been made by single-beam spectrophotometry. Typical arrangements 
are shown in Figs. | and 2. In the method shown in Fig. 1, light from 





| Spectrograph 


Fic. 1. Measurement of absorption—single-beam photographic method. 
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the source S is collimated by L, and focused on the slit of the spectro- 
graph by L,. Spectra are photographed when the vessel A is (a) evacuated 
and (b) filled with the absorbing gas at known temperature and pressure, 
Standard methods of photographic photometry are used to measure the 
ratio J,/J, where J, is the intensity without and J is that with the absorbing 
gas present. The absorption coefficient is then given by 


«= (a5 pr) 8 (F)- a 


In this equation, which is obtained by integrating (3), / is the length of 
the absorbing column. 


L, Le 


p} } 
kK Y 4» Monochromator 
Y 4 





Detector 


Fic. 2. Measurement of absorption—single-beam method with photoelectric detector. 
Absorption vessel may be either at A or at A’. 


In the method shown in Fig. 2, the absorption vessel may be placed 
either at A or at A’. The latter position exposes the gas to a much 
weaker beam of radiation and is desirable if there is any likelihood of the 
gas being changed chemically by the radiation (e.g., the formation of O3 
when O, is irradiated). In either method, for wavelengths shorter than 
2000 A, air should be excluded from the path. If the gas is not chemically 
active, the vacuum spectrograph or monochromator may then be used 
as the absorption vessel. For wavelengths below 1200 A, no lenses are 
available and mirrors are inefficient. The appropriate modifications of 
the system have been described by several workers (Weissler, 1956; 
Ditchburn, 1955; Platt and Klevens, 1944). 

Many of the substances whose photoionization cross sections are of 
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interest are chemically active (e.g., the alkali metals) so that they attack 
uyartz and other substances which may be used as transparent windows. 
The absorption vessel shown in Fig. 3 was developed by Ditchburn 


500°C 
400°C 





Temperature distribution 













To 
23 spectrograph 
Center Reservoir End of furnace 






owe 200 


Fic. 3. Absorption vessel for chemically active vapors (right-hand half shown). 
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and associates (1943) for active vapors such as sodium vapor. The solid 
is contained in a metal tube with constrictions near the ends. The tube 
is heated to a little beyond the constrictions and is filled with an inert 
gas. If the pressure of the inert gas is a little greater than the vapor 
pressure of the alkali metal, the space between the constrictions is 
filled with the vapor at a pressure corresponding to the temperature of 
the solid. The vapor pressure falls sharply through the constrictions 
to near zero outside. The value of f{ pdl can be calculated with sufficient 
accuracy. The inert gas acts as a transparent and nonreactive plug which 
holds the vapor in the central part of the tube. 

In the photographic method, one has the advantage that a great 
deal of information is recorded on one plate. This is important in 
experiments on the absorption of vapors where the adjustment of exact 
temperatures is difficult. The detectors used in the method shown in 
Fig. 2 are more nearly linear than the photographic plate and, for non- 
Teactive gases used at room temperature, this method is capable of 
giving accurate results more quickly. When high resolution is required 
(for investigation of the shape of the curve very near the series limit or 
of autoionization), the spectrographic method is preferable. 

In experiments on photoionization, it is sometimes found that 
Lambert’s law is obeyed but Beer’s law is not. The coefficient «, cal- 
culated from (5), is not independent of p. If, for example, weakly bound 
molecules are present, then if p varies and T is constant, we have 


o(p) = a(0) + Bp (6) 
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since under these conditions the number of atoms is proportional to p 
and the number of molecules to p?. The absorption of the atoms may 
then be obtained by plotting a(p) against p and extrapolating to zero 
pressure. 


2.2 MEASUREMENT OF IONIZATION CURRENT 


If all the absorption is associated with photoionization, the number 
of ion pairs formed is equal to the number of photons absorbed. If 
n (the number of incident photons) and m; (the number of ion pairs) are 
measured for known p, T, and /, then a may be calculated by inserting 
m/n = dl/I in (3) or n/(n — m) = I,/I in (5). In this method the ion 
current is measured by inserting electrodes in the vessel placed at A’, 
At the time when some experiments of this type were carried out, 
measurement of the small ion currents in the presence of surface leaks 
was very difficult. This problem has now been solved, and the main 
difficulty is the calibration of detectors to measure the absolute value 
of the number of photons in a rather weak beam (note that the absorption 
method requires only the ratio of two intensities neither of which is 
known in absolute units). For this reason, the ion-current method is, 
in general, less accurate than the absorption method, but it has the 
advantage that only the absorption due to photoionization is measured. 
This is very important in experiments on molecular gases where con- 
tinua due to photodissociation may overlap continua due to ionization. 

In some of the early experiments, the weak photoionization currents 
were increased by space-charge amplification. It now appears probable 
that the amplification ratio is not independent of the energy of the ions 
produced, so that the method gives only a general indication of the 
variation of o, with A. 


2.3. OBSERVATIONS OF RECOMBINATION SPECTRA 


a, may be obtained by measurements on the recombination radiation 
emitted by a plasma if the concentrations of electrons and positive ions 
(and the distribution of the relative velocities) are known. Probes are 
used to measure an electron temperature. The electrical measurements 
required are difficult and this method is not susceptible of high accuracy. 
It is, however, the only available method of measuring cross sections 
associated with highly excited states of atoms or molecules. 
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2.4 ANALYSIS OF PRODUCTS 


In some situations, more than one photoionization process is possible 
for a given wavelength. The relative probabilities of these processes are 
obtained by analyzing the positive ions in a mass spectrometer. Ditch- 
burn and Arnot (1929) showed that the ionization of potassium vapor 

roduces K+ and not Kj. More accurate and extensive measurements 
have recently been made by Schénheit (1957) and by Weissler (1956). 
See also Herzog and Marmo (1957), Hurzeler et al. (1957, 1958), and 
Weissler et al. (1959). 


3 Theoretical 


Consider an atomic or molecular system in an initial (not necessarily 
pure) state 7, having an energy E;, measured with respect to the lowest 
state in which one of its electrons is at rest at an infinite distance. Consider 
processes in which the system absorbs a photon making a transition to a 
state f, in which one of its electrons is free. The set of all states of the 
system in which one electron is free and the residual system is in a state 
of a definite energy is called a continuum of the system. Light of fre- 
quency v may cause transitions to those continua whose lowest energy 
does not exceed E; + hv. 

The quantum-mechanical formula for the cross section for the 
absorption of a light quantum of frequency v, accompanied by such a 


transition, is 
o(v) = 823 pv LAS pa | [a > e,8 bdr 
“ 


3c wi, 4 


2 








(7) 


Here the functions %, are wave functions of the w,-fold degenerate 
initial state of the atomic or molecular system, D; denoting the sum over 
all w, of these states. The functions 4, are continuum eigenfunctions of 
the energy, belonging to the eigenvalue E; + hv; these functions are in 
energy normalization, i.e., normalized so that, if the system is in a state 
represented by 


® = | a(E)y, (E) aE (8) 


where ® is normalized to unity and ¢%,(E) belongs to the energy £, 
then the probability of finding the energy of the system between E and 
E + dE is | a(E) |*dE. X, denotes summation over the states in a con- 
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tinuum if the cross section for transitions into that continuum is required, 
or over the states of all those continua to which transitions are energetic- 
ally possible if the total cross section is required. e, is the charge, and 
r, the position vector with respect to the center of mass, of the uth 
particle of the system. The integration is over all coordinates of all 
particles and includes summation over the spin coordinates. 

Other kinds of normalization for %, than that previously described 
are often used, with corresponding modifications in the multiplying 
factor in (7); see, e.g., Bates (1946b). Equation (7) may be considered 
exact for our purposes. 

For the photoionization of a hydrogen-like system, consisting of one 
electron in the field of a nucleus of charge number Z, (7) has been 
exactly evaluated by Sugiura (1927, 1929), Gaunt (1930), and more 
completely, by Menzel and Pekeris (1935); see also Burgess (1958) for a 
correction to one of Menzel and Pekeris’ formulae. The total cross 
section for the absorption of light of frequency v is found to be 


o(v, n) = g(32n%e®RZ*)/(39/2 h8r8n5) (9) 


where R = 27°e*m/(h’c) is the Rydberg constant, m is the principal 
quantum number of the initial state, and g is a complicated factor, which 
has been evaluated for several values of m and over a range of energies 
of the ionized state by Menzel and Pekeris (1935). For additional, more 
recent work, see Armstrong and Kelly (1959) and Olsson (1959). 

If we set g = 1 in Eq. (9) the formula reduces to that derived by 
Kramers (1923). Since g does not differ from unity by more than about 
10 or 20 % (except for values of hy only slightly in excess of the ioniza- 
tion threshold) and tends to unity as n—»»%, it is, for many practical 
purposes, sufficiently accurate to calculate the cross sections of hydrogen- 
like systems by Kramers’ formula. However, Page (1939) and Bates 
(1939) have pointed out that it is incorrect to use this formula for 
systems which have more than one electron by replacing Z by some 
effective value—the results are liable to be incorrect even as regards the 
order of magnitude. An improved generalization of this method, intended 
to be applied to atoms or ions having not very many electrons, has been 
given by Bates (1946a). 

The most frequently used approximation for many-electron atoms 
is the central-field approximation, in which wave functions are taken to 
be linear combinations of determinants whose elements are one- 
electron wave functions (Condon and Shortley, 1935, Chapter VI). 
Each one-electron wave function u (m 1 m, m,), called a spin-orbital, is 
specified by the principal, azimuthal, orbital magnetic, and spin quantum 
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umbers, 7, /, m,, and m,, respectively. We shall here mean by a shell 

the set of all 2(27 + 1) spin-orbitals which belong to the same values of n 
and J. We take the distribution of the electrons between the shells to be 
the same in all those determinants which we combine to obtain an 
approximate wave function, i.e., we neglect configuration interaction. 
It is then sufficient to consider only those transitions in which one 
electron, called the active electron, is removed from one of the shells into 
the continuum, while the distribution of the remaining electrons, 
called the passive electrons, between the shells remains unchanged. 
Then the cross section for transition into any one continuum of the 
complete system is (see Bates, 1946b) 


co 2 
A C1 f “Ris 7) Rie yr) | 





+ Cur 





” Ri(n,l; 7) Re, 1+ ls r)de i (10) 
0 


Here R*(n, 1; r) is the radial wave function of the active electron in the 
initial state, R’(e, /'; r) is that in the final state, 2 is the principal quantum 
number, « is the kinetic energy of the free electron at r = ~, / or /’ is the 
azimuthal quantum number, and 7 is the distance from the nucleus. 
The factor A depends on the normalization of the continuum wave 
function and is in general a function of v and «. C,_, and C),, are 
numerical coefficients which depend on the spectroscopic type of the 
initial and the final states and have been tabulated by Bates (1946b); 
a formula for these coefficients is given by Armstrong (1959). 

The coefficient @ is a correcting factor to allow for the fact that the 
spin-orbitals u/(n 1m,m,) in the residual system are slightly different 
from the corresponding spin-orbitals u*(m/m,m,) in the initial state. 
Provided that wu/(n'l1m,m,) is as nearly as possible orthogonal to 
u'(n 1 m,m,) whenever n’ # n, it is a sufficiently good approximation to 
write 


oe) 2 
¢= [] | J Ri(n, 1; r) Ro(n, 1; r)r2dr | . (11) 
passive e 
electrons 


Since in a determinantal wave function a set of spin-orbitals may 
always be replaced by an equal number of linearly independent linear 
Combinations of the same spin-orbitals, and since the us differ only 
slightly from the u/’s, it can be shown that it is always possible to satisfy 
the orthogonality requirement closely enough to make formula (11) a 
valid approximation. 
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The chief difficulties in using formula (10) are connected with the 
evaluation of the integrals of the form 


iy Ri(n, 1; r) Roe, V5 r)r8dr (12) 
0 


either (i) because the positive contributions to the integral are nearly 
equal in magnitude to the negative contributions, so that the integral 
is the small difference of two large quantities; or (ii) because the magni- 
tude of the continuum orbital near the origin, for a given asymptotic 
amplitude (which alone determines the normalization), is very sensitive 
to the exact form of the effective potential field. The difficulty (i) is 
serious in the case of many neutral atoms, especially sodium and potas- 
sium (see Bates, 1946b, for a review); the difficulty (ii) occurs with some 
negative ions (Bates and Massey, 1943). 

Because of these difficulties, wave functions of the active electron 
calculated by the Hartree or Hartree-Fock methods are usually not 
accurate enough. One way of improving the accuracy is to allow for the 
correlation between the active electron and the other electrons by adding 
a term 


— gal, try 


to the self-consistent potential energy, to represent the attraction between 
the active electron and the dipole moment induced by the active electron 
on the residual system. Here 7, is nearly equal to the mean radius of the 
state polarized, and p is the polarizability, and can be found by theory 
(Buckingham, 1937; Kirkwood, 1932), as was done in the case of the 
O- ion by Bates and Massey (1943), who used this method to improve 
the accuracy of the continuum wave function; or the polarizability may 
be so determined as to make one of the calculated energies agree with 
the observed value, as was done for O- by Klein and Brueckner (1958), 
who used the polarizability correction in obtaining both the bound 
and the free wave function, and obtained excellent agreement with the 
experimental results of Branscomb et al. (1958). 

The main contribution to an integral of the form (12) comes from 
rather large values of 7, where the effective field in which the electron 
moves may in many cases be taken to be Coulombic. This, together 
with the observed energy and the requirement that the bound wave 
function shall tend to zero as r > ~, is sufficient to determine the bound 
wave function for these large values of r apart from the normalizing 
factor, which factor can, however, be sufficiently accurately estimated. 
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The method of Bates and Damgaard (1949; see Chapter 2) for the inten- 
sities of discrete lines is based on these considerations. The difficulty 
in applying the method to photoionization is that although we can 
find the general solution of the radial Schrodinger equation for the 
continuum wave function at the relevant large values of r, we do not 
know what particular solution to choose unless we integrate outwards 
from the nucleus, which is too inaccurate because we do not know the 
effective potential field near the nucleus well enough. 

This difficulty was overcome by Seaton (1958; see also Seaton, 
1955, for a simpler but less complete method). Following Ham (1955), 
Seaton writes the general solution of the one-electron radial Schrédinger 
equation for a pure Coulomb field in an analytic form (in effect): 


F(e, 1; r) = fle, 1; r) + Ble, 1) g(e, 1; 7r) (13) 


where f and g are two linearly independent solutions of that equation, 
f being the one that remains finite as r > 0 [it must be remembered 
that F (¢, 7; 7) can be approximately equal to the actual wave function 
only for sufficiently large values of 7, well outside the cloud of the other 
electrons]; « and / have the same significance as before. The analytic 
form of f and g is such that these functions satisfy the radial equation 
for all finite values of ¢«, and, regarded as functions of the energy « at 
constant / and (finite nonzero) r, are analytic over the whole of the 
complex e-plane except at | « | =. This can be shown to be true of 
F (e, 1; r) also, provided that F (e, J; r) is that particular solution which 
at large values of 7 is almost equal to R (e, /; r), where R (e, J; r) is the 
solution, finite at the origin (but not necessarily at r =), of the radial 
equation of the actual problem, i.e., for the effective field of the residual 
system. It follows that B (e, /) is also an analytic function of «, and can 
therefore be expanded as a power series in ¢, which is valid for all 
finite values of «, and may, in particular, be used to find B (e, /) for real 
Positive values of «, i.e., the continuum. Now B (e, /) is known, for all 
those negative values of « which are eigenvalues of the Schrédinger 
equation of the actual problem, from a relationship between B (e,,;, /) and 
the quantum defect yu,,;, the discrete eigenvalue «,, being expressed as 


Ent = — AeR2*/(n — pny)? (14) 


Where ze is the excess of positive over negative charge on the residual 
System. So the coefficients in the power series for B can be obtained 
from the resulting infinite set of equations, the quantities 1, being 
determined from the observed energies by (14). 
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Burgess and Seaton (1960) have applied this method to a large number 
of cases. They find that the method gives good results except when there 
is a strong cancellation between the positive and negative contributions 
to the transition integral. 

Very little theoretical work has been done on the photoionization 
of molecules and molecular ions because for these it is even more 
difficult to obtain accurate electronic wave functions than for atomic 
systems. Exact electronic wave functions can be obtained only for the 
hydrogen molecular ion, Hj, for which the cross section was calculated 
by Bates e¢ al. (1953). Dalgarno (1952) has calculated the photo- 
ionization cross section of methane; he used for the active electron 
wave functions appropriate to a spherically symmetrical field and obtain- 
ed results in a reasonable agreement with experiments. Geltman (1958) 
has found the energy dependence of the cross section of diatomic 
molecules near the threshold. 

Lastly, it should be mentioned that in order to obtain the total 
effective cross section for the removal of an electron from an atomic or 
molecular system through the action of light, it is usually (except in the 
case of some light atoms) necessary to consider also, in addition to 
direct transitions into the continuum, transitions to discrete states in 
which the energy exceeds the lowest energy of a continuum. From such a 
state the system may make a radiationless transition into the continuum 
(autoionization), and if such a transition is allowed, it usually has a 
very much higher probability than a radiative transition to a lower 
state. This effect has, for example, been found important for thallium 
(Marr, 1954b). Detailed information about the occurrence and the 
term values of states which have sufficiently high energies for auto- 
ionization to take place will be found in the work of Beutler and col- 
laborators (1933; Beutler and Demeter, 1934; Beutler et al., 1936), 
Garton (1950, 1952), and Garton and Codling (1960). Some quantitative 
measurements of the intensities and widths of the corresponding 
absorption lines are given for cadmium by Garton and Rajaratnam 
(1955), xenon by Pery-Thorne and Garton (1960), and for calcium by 
Ditchburn and Hudson (1960) and Kaiser (1960). 

For additional information, especially on points not discussed here, 
the reader is referred to the following publications: Bates (1946a, b), 
Biberman and Norman (1960), Burgess and Seaton (1958, 1960), Finkeln- 
burg (1938), Geltman (1958), Unsdéld (1955), Weissler (1956), Wigner 
(1948), Ditchburn (1954, 1956), and Marr (1955). 
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TABLE I — Resutts ror AToms AND ATomic Ions* 








System State V; AT oT Am on References 
H 13.6 912 6.3 1-4, 31 
He 24.6 504 14 5-10 
Li 5.39 2300 2.5 11-15, 10 
Be 9.32 1330 (8.2) 16 
B 8.30 1490 19 17, 18 
Cc 11.3 1100 = (11) 17, 18, 10, 20 
N 14.6 852 (9) 19, 20, 17, 18, 21, 10 
O 13.6 910 (2.6) 20, 17, 22-24, 10 
F 17.4 713 (6) 17, 18 
Ne L,/Ls 21.6 575 4.0 400 8.0 25-27, 17, 18, 53 
Ly 48.5 256 2.5 
Na 5.14 2412 0.12 1900 0.013 27 28, 30, 32, 10 
Mg 7.64 1620 1.18 33, 10 
Al 5.98 2070 34 
Ar M, 15.8 787 = 35 
M, 15.9 778 7, 35-37 
M, 32 420 (3) 
K 4.34 2860 0.012 2700 0.006 38-42, 27, 10, 51 
Ca 6.11 2028 0.45 1930 <0.1 
1589 (0.45) 43-45, 29 
Ga 6.00 2070 (0.2) 46, 34 
Kr 14.0 885 
14.7 845 35 800 35 47, 37 
Rb 4.18 2970 0.11 <0.004 41, 40, 27 
In 5.79 2140 (0.3) 48 
Xe 12.1 1020 37 
Cs 3.89 3185 0.22 2750 0.08 49, 41, 40, 27, 52 
TI 6.11 2030 4.5 1730 <01 50 
Het 54.4 228 1.6 1-4 
Ct 24.4 508 3.7 16, 17 
N+ 29.6 419 (6.4) 16, 17 
Ot 35.2 353 (8.1) 16, 17, 10 
F+ 35.0 354 2.5 16, 17 
Net 41.0 302 4.5 16, 17, 10 
Nat 47.3 262 7.1 16, 17, 10 
Mgt 15.0 825 54, 10 
Sit 16.3 760 54, 10 
Cat 11.9 1040 0.17 10 


*In the second column the initial state of the atom or ion is given only if it is not the 
round state. Vj = ionization potential (ev), A7 = threshold wavelength (A), a7 = cross 
Section at the spectral head, Am, am are the wavelength and cross section of either the 
Minimum or the maximum (whichever occurs for the system under consideration) 
absorption associated with the ionization process for which V; is given. Figures in paren- 
theses are either less accurately known or less certainly associated with the process listed. 
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Key to references in Table I: 


1. Kramers (1923). 28. Ditchburn et al. (1953). 
2. Menzel and Pekeris (1935). 29. Jutsum (1954). 
3. Olsson (1959). 30. Rudkjobing (1940). 
4. Armstrong and Kelly (1959). 31. Suguira (1927). 
5. Vinti (1933). 32. Trumpy (1928). 
6. Wheeler (1933). 33. Ditchburn and Marr (1953). 
7. Lee and Weissler (1955). 34. Vainshtein and Norman (1960). 
8. Axelrod and Givens (1959). 35. Wainfan et al. (1955). 
9. Stewart and Wilkinson (1960). 36. Dalgarno (1952). 
10. Burgess and Seaton (1960). 37. Beutler (1935). 
11. Hargreaves (1929). 38. Ditchburn et al. (1943). 
12. Trumpy (1931). 39. Ditchburn and Arnot (1929). 
13. Tunstead (1953). 40. Lawrence and Edlefsen (1929). 
14, Stewart (1954). 41. Mohler and Boeckner (1929). 
15. Propin (1960). 42. Bates (1947). 
16. Bates (1946a). 43. Ditchburn and Hudson (1960). 
17. Bates (1946b). 44. Kaiser (1960). 
18. Bates (1939). 45. Bates and Massey (1941). 
19. Ehler and Weissler (1955). 46. Garton (1952). 
20. Bates and Seaton (1949), 47. Pery-Thorne and Garton (1960). 
21. Boldt (1959b). 48. Marr (1954a). 
22. Bates et al. (1939). 49. Braddick and Ditchburn (1934). 
23. Yamanouchi and Kotani (1940). 50. Marr (1954b). 
24. Boldt (1959a). 51. Ditchburn (1928). 
25. Lee and Weissler (1953). $2. Ditchburn (1937). 
26. Ditchburn (1960). 53. Seaton (1954). 
27. Seaton (1951). 54. Biermann and Liibeck (1949). 
4 Results 


The results are summarized in Tables I and II] and in Figs. 3-5. For 
hydrogen-like systems (H, Het, Lit++, etc.), there are no experimental 
results, but (9) is effectively an exact calculation. This equation may 
be expected to yield useful results when applied to ionization of those 
highly excited states of other atoms in which one valence electron has a 
Bohr orbit which does not penetrate the core or approach it closely. 
As stated in § 3, this equation should not be applied to calculations on 
valence electrons in their normal states. For Na, improved calculations 
by methods described in § 3, yield results in agreement with experi- 
ment. It is necessary to choose the exact value of the polarizability to 
fit the experiments, but the value required is found to agree with less 
accurate estimates from other sources. The calculations agree with 
experimental results for photon energies up to about 2 volts above the 


3. PHOTOIONIZATION PROCESSES 93 


TABLE II 


RESULTS FOR MOLECULES? 








System Vi Ar Am Cy References 
A 
H, 15.4 804 780 7.4 1-4 
12.6 1019 
O. 16.1 770 550 22 5, 7, 4, 24, 25 
N, 15.6 792 750 26 6, 7, 4, 8, 22, 24 
Cl, 12.8 967 960 (56) 9, 4, 10, 13 
H,O 12.5 985 346 (100) 11, 4, 12 
co 14.21 868 600 16.5 23 
(16.5) (750) ~!l1 
(20) (620) ~l1 
CO, 14.4 860 (800) 18 23,4 
(17.7) (700) (600) (15) 
NH; 10.3 1210 (900) 10 13-15 
(16.5) (750) (700) (25) 
N,O 12.9 960 700 35 16, 17 
? (357) (30) 
? (225) (30) 
NO 9.25 1340 880 20 15, 18-20 
(14) (880) ? 
(16) (730) ? 
(18.7) (660) (600) (20) 
H} 16.3 763 400 0.67 21 





2 V; = ionization potential (ev), Ay = threshold wavelength (A), An, om are wave- 
length and cross section of maximum absorption associated with the ionization process 
for which Vi is given. Figures in parentheses are either less accurately known or less 
certainly associated with the process listed. Weissler (1956) gives further data on 03, 
C,H,, and C,H,, Lowrey and Watanabe (1958) on C,H,O, Walker and Weissler (1955b) 
on C,H, and C,H,, and Morrison et al. (1960) on Brz, I,, HI, and CH,l. 


1. Beutler et al. (1936). 13. Sun and Weissler (1955a). 

2. Beutler and Jiinger (1936). 14. Walker and Weissler (1955a). 
3. Lee and Weissler (1952). 15. Watanabe (1954). 

4. Wainfan et al. (1955). 16. Walker and Weissler (1955c). 
5. Lee (1955). 17. Astoin and Granier (1955). 
6. Weissler et al. (1952). 18. Sun and Weissler (1955b). 

7. Wainfan et al. (1953). 19. Granier and Astoin (1956). 
8. Maunsell (1955). 20. Watanabe et al. (1953a). 

9. Ditchburn (1955). 21. Bates et al. (1953). 

10. Dalgarno (1952). 22. Astoin and Granier (1957). 
11. Astoin et al. (1953). 23. Sun and Weissler (1955c). 
12, Astoin (1956). 24. Watanabe and Marmo (1956). 


25. Weissler and Lee (1952). 
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Fic. 4. Absorption cross sections (cy) for atoms. Abscissa are voltages of the emitted 
electron. Note that ordinate scales for A, B, C, and D are not the same and that ordinates 
for Na are Xx 25. 
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Fic. 5. Absorption cross sections (cy) for molecules. J, (CO) represents the threshold 
Wavelength corresponding to the first ionization potential of CO and other ionization 
Potentials are similarly indicated. 
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threshold energy but not at higher energies. For K, Rb, and Cs, the 
balancing of positive and negative contributions to the integral (see 
§ 3) is so close that calculation becomes impossible, though it has been 
shown that a reasonable value of the polarizability is consistent with 
the general shape of the curve of o, versus A. It is a little unsatisfactory 
that the agreement between theory and experiment for lithium is not 
better than it is. For He, Ne, and Ar, this method yields results in 
reasonably good agreement with experiment. For calcium, calculation 
without the polarizability correction gives a value for o7 which is 50 
times larger than the observed value, but the improved calculation 
gives results which agree with experiment in the region near the series 
limit but deviate from it rapidly at shorter wavelengths. 


Autotonization. For many elements, of which calcium (see Fig. 4D) 
is typical, autoionization (see §3) is very important. The f-value 
associated with autoionization is very often greater (and sometimes 
greater by a factor of 10 or more) than the f-value associated with removal 
of the valence electron. Autoionization is known to be strong for Ca, 
Ba, In, Ga, Cu, Tl, and many other elements. In calculating cross 
sections for photoionization, autoionization must always be considered 
and can seldom be regarded as a correction. Unfortunately, few theore- 
tical calculations are available. 

There are few calculations of ionization probabilities for molecules. 
Preionization is probably important. The chief experimental difficulty 
is the separation of overlapping continua corresponding to different 
processes of dissociation, ionization, preionization, and predissociation. 
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1 Introduction 


Photodetachment is a special case of photoionization, referring to the 
photoionization of a negative ion (Massey, 1950; Branscomb, 1957a). 
The initial state is a negative ion in a radiation field, and the final state 
is a neutral atom or molecule and a free electron. Thus, in photo- 
detachment an ion is destroyed, while in the photoionization of a neutral 
atom an ion is created. 

There are four principal sources of scientific interest in photo- 
detachment cross sections. First, photodetachment provides a uniquely 
precise and unequivocal method for determining binding energies of 
atomic negative ions (or the electron affinities of the corresponding 
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neutral atoms). In some cases it is equally appropriate for molecular 
ion binding energies. Second, we can calculate from the photodetach- 
ment cross section between specific initial and final states the cross 
section for the reverse process between the same states: the radiative 
attachment of an electron to a neutral atom. This form of attachment 
is important in monatomic gases at low pressures. The resulting radiation 
is sometimes a significant part of the emission continuum from arcs or 
shock-heated gases. Third, negative ion photodetachment provides a 
source of continuous opacity in the visible and infrared spectra of hot 
gases and stellar atmospheres (Woolley and Stibbs, 1953). In particular, 
the H- continuum provides the dominant source of continuum at 
wavelengths longer than the Balmer limit in the sun and many other 
stars. Fourth, negative ion structure and photodetachment cross sections 
provide a particularly sensitive test for the approximations of atomic 
theory. The distortion of the core electrons of an atom by the valence 
electron is a dominant phenomenon in negative ion binding energy 
calculations. The distortion makes a smaller percentage effect in the 
corresponding neutral atom case, where it can be treated as a perturba- 
tion on the static central field. 

This chapter will summarize the available results from negative ion 
spectroscopy and the relevant physical principles which may be inferred 
from the observations and from theoretical considerations. Spectra of 
atomic ions will be emphasized. At the close of the chapter a table will 
be provided summarizing the available information on atomic negative 
ion binding energies (electron affinities). No attempt will be made to 
provide a full discussion of data given in this table, for this would lead 
us into the discussion of subject matter far outside the scope of this 
volume. 


2 Negative Ion Energy States 


Certain properties of the energy levels of negative atomic ions are 
important in the photodetachment process. The binding energies of 
negative ions range from nearly zero (boron, perhaps nitrogen) to 
nearly 4 ev (chlorine) (Table III). Thus, the absorption thresholds are 
found primarily in the infrared and visible regions of the spectrum. 
This is a matter of importance to astronomers, to whom the ultraviolet 
Spectrum is accessible only through rocket and satellite borne instru- 
ments. Hence, a photodetachment continuum may dominate the opacity 
in the visible and near infrared. 
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It appears that atomic negative ions normally have only one bound 
state (Branscomb, 1957a). If excited states are to be found, it is likely 
on theoretical grounds (Massey, 1950, p. 3 ff) that the number of such 
states is finite, owing to the short range nature of the forces binding the 
extra electron to the neutral atomic core. [The rigor of the proof has, 
however, been questioned by Wu (1953).] In addition, such excited 
states as may be found in light ions are likely to be metastable and to 
lie very close to the continuum. The stability of a negative ion depends 
heavily on the extent to which the extra electron shares the attractive 
field of the nucleus with the other electrons. If, in the light elements, 
the negative ion is excited into a state of higher principle quantum 
number than that describing the ion’s ground state, one may expect the 
electron to be so shielded from the Coulomb field of the nucleus that a 
stable state will not result. It is possible, however, that several of the 
light paramagnetic ions which have two or three low-lying terms of the 
ground state configuration, may find an excited term lying in the region 
of stability (Bates and Moiseiwitsch, 1955; Johnson and Rohrlich, 1959). 
The most favorable case is thought to be Si-, whose ground 3p 4S state 
may have a binding energy of about 1.4 ev (Table III) with the 2D 
excited term of this configuration less than a volt above the ground 
4S term. Boron, aluminium, carbon, and phosphorus may also have 
bound metastable excited terms, based on these estimates. 

The absorption spectrum of a negative atomic ion is therefore expected 
to consist of perhaps one or two forbidden lines in the visible, and a pure 
continuum starting from a frequency corresponding to the binding 
energy of the ion ground state. This continuum may be structured by the 
presence of autoionization transitions involving absorption to unstable, 
doubly excited states. It is also possible that a group of allowed lines 
may be found immediately to the longwave side of the continuum 
limit. Such lines might result from very weakly bound higher configura- 
tions. Even if they exist, they may be inherently unobservable in plasmas 
because of Stark and collision broadening.‘ Of the atomic ions which 
might have bound metastable terms, only C~ has been studied by 
photodetachment experiments (Seman and Branscomb, 1961). In this 
case a continuum does appear at longer wavelengths than the threshold 
for absorption from the ground state. This data will be described in 
more detail later. 

Excited states in atomic ions have been searched for theoretically in 
the simplest atoms, hydrogen and helium. Configuration interaction 
calculations with up to 55 configuration wave functions by Weiss (1960) 


t Negative ions in such states would be enormous. 
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for atoms and ions with 1-4 electrons strongly suggest that neither the 
25 state of He~ nor the *S metastable state of H~ are bound. (Weiss’ 
lithium affinity is given in Table III.) 

Certain doubly excited states of H- and He~ have been shown to be 
metastable. Most of these states decay very rapidly through autoioniza- 
tion. A few of them do not. The most interesting example of the meta- 
stable doubly excited negative ion state is the 4P;,. state of He~ which 
was shown to be stable theoretically by Holoien and Midtdal (1955). 

The experimentally demonstrated (Hiby, 1939; Windham et ail., 
1958; Dukel’skii et al., 1956) appearance of He- ions in beams of high- 
energy helium positive ions passing through low pressures of rare gases 
is presumed to result from the formation of ions in this *P;,. state by 
double charge capture. A similar situation prevails in nitrogen, whose 
N-(1D) state may lie below N(?D) + e, and whose spontaneous decay 
to N(4S) + eis inhibited by angular momentum selection rules. Negative 
ions of both helium and nitrogen are now.being used in tandem accelera- 
tors. 

Doubly excited states of H- have been extensively investigated by 
Hylleraas, Holoien, and others with the conclusion that no metastable 
long-lived state can exist in H-, but that the (2p7)8P state is probably 
bound (Holgien, 1960a, b). 


3 Theoretical Considerations 


3.1 PHOTODETACHMENT Cross SECTION 


The usual theoretical description of photodetachment considers a 
negative ion of dipole moment p interacting with an oscillating electric 
field of infinite extent. Time-dependent perturbation theory gives for 
the probability of a transition per unit time 


Pov| (Pal p| Pe> |? p(Ex) (1) 


where p(E,,) is the density of states in the continuum per unit energy 
Tange corresponding to the energy E;, of the ejected electron. (If the 
electron affinity of the atom is A, then E, = hy — A.) The subscripts 
d and c refer to wave functions for the discrete (initial) and continuum 
(final) states. The density of states is proportional to the square root of 
the final electron energy so that the photodetachment cross section 
(or absorption coefficient k,) is 


oo v Et? | Pq | p| Me> |? (2) 
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The matrix element for the dipole moment may be transformed. If the 
wave functions Yq and ¥Y are exact solutions of the n-electron Schré- 
dinger equation, three expressions for the matrix element are then 
formally equivalent and are referred to as dipole length, velocity, and 
acceleration formulae: 


M = i Pars oe Pa) Dy Bi Wels oes Tn) Ati os ty (dipole length) —_ (3) 


a : , 
ee | Pules Xe) D, Fe Peli te) dt;..dt, (dipole velocity) (4) 
i a 


v 


2 a 
-_ (<-) f Walr, Tn) » 3 (7; ++. Tn) dt; ... dt, (dipole acceleration). (5) 


Here 2, is the component in the oscillating electric field in the direction 
of the radius vector length 7,, of the ith electron. 

Since all calculations of photodetachment cross sections are made 
with approximate initial and final state wave functions, the extent to 
which using approximate Yq and YW, these formulae give identical 
answers affords a test of the accuracy of the functions used. Further, 
the different formulae test different regions of electron coordinate space. 
The dipole length formula emphasizes regions of large 7, the velocity 
formula intermediate regions, and the acceleration formulae small 
values of r. The greatest contribution to the total energy using variational 
Hylleraas wave functions comes from intermediate values of r. For this 
reason the dipole velocity form is generally preferred when using these 
functions (Chandrasekhar, 1945a). A function which in its entirety 
gives an excellent minimization of the energy may nonetheless be in 
error in regions of space which contributed heavily to the photodetach- 
ment cross section. As we shall see later, the best calculations now 
available on the H- photodetachment cross section give agreement 
within about 20% between experiment, dipole length, and dipole 
velocity formulae. The wave functions are not yet sufficiently accurate 
to give reasonable cross sections with the acceleration formula. 


3.2 PHOTODETACHMENT THRESHOLD Laws 


Without specifying the particular atomic system under study, some 
generalizations can be made about the limiting energy dependence of 
the dipole length matrix element, from which the limiting form of (3) 
will give us the shape of the cross section at threshold. The separation 
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of variables in the Schrédinger equation leads to the familiar J(/ + 1)/r? 
contribution to the potential in the radial wave equation. This centri- 
fugal barrier term falls off more rapidly with distance than the Coulomb 

otential (1/r) which occurs in the ordinary photoionization problem. 
In photodetachment, however, the angular momentum repulsion is 
dominant at large distances over other terms in the short-range potential 
of the neutral atom. Hence, we find that in photoionization the threshold 
energy dependence of the cross section is the same for all atoms (constant 
and finite at threshold); the photodetachment cross section varies with 
energy at threshold in a manner dependent on the angular momentum 
of the electron in the final state, and hence on the dipole selection rules 
and the angular momentum of the valence electron in the initial bound 
state (Massey, 1950; Branscomb, 1957a). The result in the approxima- 
tion that the continuum function can be represented by a plane wave or 
a short-range static central field is (Massey, 1950; Wigner, 1948; 
Branscomb et al., 1958) that 


oo vk2+1 (a, + ak? + ayk*...) (6) 


where / is the lowest angular momentum component of the continuum 
state to which an electric dipole transition is allowed from the discrete 
initial state. In terms of the ejected electron energy, we have for H7: 


Oreonp X VER? (ay + a,E, + 42K? + ...). (7) 


For p electron shells such as C-, O-, etc., 


Onpoes VEL (ay + aE, + a,E% + ...). (8) 


The effect of inclusion of exchange and polarization effects on the 
threshold laws has not been thoroughly investigated. The inclusion of a 
polarization potential (— ar~*) may have the effect of introducing 
logarithmic terms and odd as well as even powers of & in the expansion 
of the right-hand side of (6), but the lead term appears to be unaffected 
(Geltman, 1960). 

We therefore expect the photodetachment cross section for H~ and 
alkali metal ions to start from threshold with zero slope while detach- 
ment from O-, C-, and other atomic ions with valence p shells rises 
with infinite slope at threshold. Although we have no a priori knowledge 
of the energy range over which this behavior will hold, it is qualitatively 
obvious that the more abrupt threshold associated with p electron 
detachment into the s continuum state facilitates the experimental 
determination of the binding energy using the photodetachment thres- 
hold. The form of the expansion of the cross section in powers of the 
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ejected electron energy [Eqs. (7) and (8)] is also used in the interpretation 
of low-resolution experimental data near the threshold for the purpose of 
determining the electron affinity. 

Similar expansions have been made for negative ions of diatomic 
molecules in the Born-Oppenheimer approximation (Geltman, 1958). 
In this case the cross section takes the threshold form, similar to (6): 


ox vk™ (ay + a,k? + a,k* + ...) (9) 
where the exponent m, which is given in Table I, depends on the sym- 
metry of the molecular ion and on the projected angular momentum 

TABLE I? 


ExPoNENT m IN Eq. (9) For Diatomic MoLecuLe PHOTODETACHMENT 


JA | = 0 | Ap | even | Ap | odd 





Heteronuclear molecule 1 2|rA!—1 2}A|-1 
Gerade symmetry 3 21A}—1 21A|+ 1 
Heeiaubleat Ungerade symmetry 1 2/At+1 2lrAI|-1 


2See Geltman (1958). 


along the molecular axis Ag associated with the electron orbital from 
which the electron is ejected. From this table we can see, for example, 
that for a homonuclear ion like Og in a (7,)* configuration, the value of m 
is 3, and we expect o ~ vk’, A heteronuclear molecule ion like OH- with 
a valence z-electron would give a cross section rising from threshold as vk. 


4 Experimental Method for Photodetachment Studies 


Photodetachment cross sections have been studied using modulated 
crossed-beam methods.t One collects and measures the small current of 
free electrons which are produced in high vacuum by photon absorption 
at the intersection of two mutually perpendicular beams, one of mass- 


+ Note added in proof: Berry et al. (1961) have achieved excellent observations of 
absorption spectra of atomic halogen negative ions created in a shock wave. This method 
provides the first observations of photodetachment spectra in the ultraviolet and provides 
much higher optical resolution than does the crossed beam method. Preliminary electron 
affinity values obtained by this method are given in Table III. However, it is difficult 
to determine the absorption cross section by this method. 
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analyzed negative ions, the other of filtered, intense visible light. The 
principles of the apparatus (Smith and Branscomb, 1960) used at the 
National Bureau of Standards for this purpose are illustrated in Fig. 1. 


PRINCIPLE OF PHOTODE TACHMENT APPARATUS 
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Fic. 1. This block diagram indicates the principle of operation of an apparatus for 
the study of negative ion photodetachment. 
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If monochromatic light of sufficient intensity were available, the 
photodetached electron signal would be related to the other observed 
quantities and the cross section by the relation 


eer oe | 
je = Rize s, (10) 


where k is a geometrical constant; je and j; are electron and ion currents, 
respectively; J is the intensity of the light (and J/hv the photon flux); 
o the photodetachment cross section, and v; the ion speed in the reaction 
chamber. Thus, measurements of two currents, the ion mass, kinetic 
energy, and the photon flux would suffice to determine the relative 
photodetachment cross section. In fact, rather broad bands of continuum 
have been used in the photon beam, with the consequence that a some- 
what more refined analysis of the wavelength dependent parameters 
must be made to permit the cross section to be extracted from the observ- 
ed data. 

Four essential requirements must be met in a photodetachment 
apparatus. First, one requires a suitable ion source and mass selector 
which are capable of delivering to the reaction chamber a collimated 
beam of one species of identified ions of low noise characteristics. Glow 
or hot cathode arc discharges of special design have been used. The 
mass selector has been an astigmatic, 90° sector field instrument with 
Post-deceleration so that the ions pass through the sector field at 2500- 
Volts energy, but through the reaction chamber at only about 300 ev. 
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Beams of more than 10-7 amp of ions of H~, O-, and other abundant 
species are readily obtained. The mass analyzer, glow discharge source, 
and reaction chamber are shown in Fig. 2. 
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Fic. 2. Negative ion photodetachment apparatus, showing the ion source, accelerating 
electrodes, 90° sector field mass selector, deceleration chamber, and reaction chamber. 
The dashed lines in the reaction chamber suggest the inhomogeneous magnetic field 
used to trap the free electrons. The modulated radiation enters this chamber normal 
to the drawing through a quartz window not illustrated. 


One requires a suitable optical system and light source providing of 
the order of 1 watt of quasi-monochromatic radiation at the point of 
intersection of photon and ion beams and in a geometry permitting 
accurate radiometric monitoring of the photon beam. These require- 
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ments were met with a high-intensity carbon arc lamp and the f/1.5 
optical system shown in Fig. 3. The light beam was filtered by a set of 
96 band-pass combinations ranging in wavelength from 0.4 to 1.7 p. 
Each is formed from a selection of glass absorption filters, multilayer 
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Fic. 3. Optical system used in measurements of relative photodetachment cross 
sections. The radiation from the carbon arc is imaged on the field aperture at the left 
by means of an elliptical mirror. The radiation is monitored in the integrating sphere 
by a black bolometer inserted into this sphere. The fragment of the reaction chamber 
illustrated is a horizontal section through the chamber illustrated in the previous figure. 


interference reflection filters, and circulating-liquid cells. Typical filter 
combinations have transmittance of about 50 % at the peak and widths 
of about 500A at half-maximum transmission. For example, filter 
No. 7 is compounded of the elements whose transmissions are shown 
in Fig. 4. 

The third requirement is a suitable arrangement in the reaction 
chamber for detecting all of the photodetached electrons with a minimum 
interference from scattered ions, slow secondary ions, and electrons 
Photoelectrically ejected from metals or stripped from the negative 
ions in background gas collisions. The superposition of weak electric 
and magnetic fields perpendicular to the ion and photon beams suffices 
to collect slow electrons without affecting the ion beam. The largest 
Source of spurious signal arises from negative ion collisional detachment 
in the background vacuum. To minimize this noise contribution to the 
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signal, the photon beam is modulated at an audio frequency, and 
narrow-band phase-sensitive detection is used. 

In consequence of the noise current arising from electrons stripped 
from the ion beam, the signal-to-noise ratio in photodetachment experi- 
ments is proportional to the ratio of photon flux to background gas 


Optical Transmission (%) 





aN 


4000 76000 8000 10000 12000 14000 
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Fic. 4. <A typical band-pass filter combination is made up of the elements whose 
transmissions are illustrated. Filter 143 is a multilayer interference filter. Numbers 3384 
and 9788 are glass absorption filters, and curve A is a flowing water absorption cell with 
colored-glass windows. This combination, called No. 7, was used as the reference wave- 
length for most photodetachment experiments. 


density. It is independent of the ion beam current if this current exceeds 
a minimum value set by amplifier input noise. The use of an alternating 
current electrometer amplifier to detect the detached electron beam has 
required ion beams to exceed 2 x 10-® amp for useful measurement, 
yielding about 2 x 10-14 amp of alternating current signal. Recent 
work with better vacuum and with electron multiplier detection permits 
photodetachment measurements with beams of about 5 x 10-!° amp, 
thus making possible the study of a wider range of negative ion species 
(Seman and Branscomb, 1961). 

Because of the difficulties involved in the radiometric calibrations and 
in proving that all of the photodetached electrons are collected, absolute 
cross sections are much more difficult to obtain than relative values. 
In 1955 an experiment was performed to measure the absolute integrated 
cross section for H- (Branscomb and Smith, 1955a). The apparatus 
(Smith and Branscomb, 1955a), shown in Fig. 5, incorporated a radio- 
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Apparatus used to determine the integrated absolute cross section for photo- 


Fic. 5, 
detachment from H-. Here the velocity selector (crossed electric and magnetic fields) 


'S used as a crude mass analyzer, with the 90° sector field instrument after the reaction 


chamber providing verification that the resolution was a 


lamp provided the light source. 
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metric detector behind the ion beam to monitor the radiation from q 
1-kw tungsten projection lamp. The radiometer was calibrated in the 
radiation of this lamp in the absence of the mirror and light filters, the 
lamp having previously been compared with radiation standards. The 
experiment involves the observation of the probability that an ion 
suffers photodetachment while passing through the beam of absolutely 
calibrated radiation: 


Pexp =Je/fi. (11) 


This probability is compared with the prediction of any theoretical 
cross section which one wishes to test from the relationship 


Pineo = k/hevs | I(A) o( A) A dA. (12) 


This equation is derived from (10) by integration over wavelength. 
For example, when an early calculation of Chandrasekhar (1945b) of the 
H~ absorption coefficient was integrated over the experimental photon 
flux distribution, Branscomb and Smith (1955a) found Pexp/Ptneo = 1.01 
(+ 0.02) (+ 0.10), where the figures in parenthesis describe, respective- 
ly, the reproducibility of the result and an estimate of the possible 
systematic errors. 

It has subsequently developed that virtually all of the modern calcula- 
tions of the H~- cross section (in the dipole velocity formulation) when 
compared with this experiment through the foregoing integration give 
consistency with the integrated, absolute experiment within the 10 % 
limitation. However, the shapes of the theoretical cross sections vary 
significantly and it appeared that an accurate relative cross section was 
required. This was accomplished by Smith and Burch (1959), who 
measured the H- cross section from 400 A to 13,000 A with statistical 
errors of about 1 % and stated probable errors from all causes of about 
2% relative to a control filter at 5280 A. The resulting cross section 
is shown in fig. 6. 

This experimental relative cross section can now be normalized to 
absolute value by insertion in (12) with an undetermined normalizing 
factor and equating this expression to (11). One need rely on theory 
only for interpolation of the experimental cross section from 13,000 A 
to the threshold at 16,400 A, which makes a very small contribution 
to the uncertainty. Subsequent measurements of photodetachment 
cross section of ions other than H~ have been put on an absolute basis 
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by comparison with this cross section of H-, or by comparison with O- 
whose absolute integrated cross section was determined at the same, 
time the absolute H- absorption was measured (Smith and Branscomb, 


1955a). 


Photon Wavelength (microns) 
13. tO O08 OF O86 0.5 


H’ +hv —H+te 


O (Arbitrary Units) 





1.0 1.5: 2.0 2.5 
Photon Energy (ev) 


Fic. 6. Experimental values of the relative photodetachment cross section for H~, 
as determined by Smith and Burch (1959). 


5 The H- Photodetachment Cross Section 


The experimental result shown in Fig. 6 can be compared with a number 
of recent theoretical values. From this comparison we may learn some- 
thing about the accuracy of the calculated bound and free wave functions 
for an electron in the field of a hydrogen atom. 


5.1 THEORETICAL Cross SECTIONS FOR H7- 


Since the original calculation of Bates and Massey, much effort has 
been expended on improvement of both the bound and continuum wave 
functions. The early calculations (Chandrasekhar, 1945a; Bates and 
Massey, 1940) used a simple plane wave for the ejected electron, multi- 
Plied by the unperturbed hydrogen atom ground state function, suitably 
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symmetrized in the electron coordinates. The next improvement on 
this part of the problem was the use of the same unperturbed hydrogen 
atom function multiplied by the wave function of an electron movin 
in the static Hartree field of the hydrogen atom (Chandrasekhar, 1945b; 
Chandrasekhar and Elbert, 1958). 

Each of these two types of continuum function was used with a 
series of increasingly accurate Hylleraas-type H~ bound state functions 
determined by the Ritz variational principle of energy minimization, 
Most often used have been the 11-parameter functions of Henrich (1944) 
and the 20-parameter function of Hart and Herzberg (1957). In most 
of these calculations the accuracy of the wave functions was tested by 
comparison of the photodetachment cross sections calculated with dipole 
length and momentum matrix elements. The conclusion from these 
comparisons is that for a given choice of plane wave or static central- 
field continuum function, the improvement in the cross section resulting 
from use of a 20-parameter bound state function rather than an 11-para- 
meter one is only a few per cent (Chandrasekhar, 1958). Further, cross 
sections calculated with the same Hart-Herzberg H- function but with 
either plane-wave or static central-field continuum functions are virtually 


o (107'? cm?) 





2 4 6 8 0 12 14 16 18 
d (py) 


Fic. 7. The experimental photodetachment cross section for H~ (black dots) is 
compared with four theoretical calculations. All of these calculations used dipole velocity 
matrix elements with the Hart-Herzberg 20-parameter bound state wave function. The 
continuum functions used were: (—--—-), static central field (Chandrasekhar and 
Elbert, 1958); (- - -), plane wave (Chandrasekhar, 1958); ( ) exchange central field 
(John, 1960); (——) variational (Geltman and Krauss, 1960). Here the experimental 
points are normalized to the exchange central field calculation at 5280 A. 
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;dentical in shape and differ by only about 3 % in magnitude (Fig. 7). 
Yet we cannot assume from this insensitivity of the dipole velocity cross 
section to change in the initial and final state wave functions that we 
are closely approaching the correct solution, for there remains in each 
case a marked difference between the length, velocity and acceleration 
matrix elements (Fig. 8). 





2000 6000 10,000 14,000 18000 
(A) 


Fic. 8. H~- photodetachment cross sections with plane wave free state calculated 
using dipole acceleration (A), velocity (V), and length (L) matrix elements (Chandrasekhar, 
1958). Experimental points are normalized to the velocity curve and to 5280 A. The 
calculation is due to Chandrasekhar with the acceleration curve provided by Geltman 
and Krauss (1960). 


Barring any deficiencies in the Hylleraas function for the bound state, 
further improvement in the H- cross section is to be found in the 
inclusion of polarization effects and the correct accounting for electron 
exchange. John (1960) has solved numerically the Hartree-Fock exchange 
quations for the electron in the atomic hydrogen field and computed 
the dipole length and velocity curves of which the former is shown in 
Fig. 7. A significant improvement in agreement with the experimental 
data is found, the velocity curve agreeing with the relative experimental 
Curve within experimental error from 4000 to about 9000 A, and falling 
about 10 % low at longer wavelengths. 
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In the calculation by John, the effects of distortion of the atom by 
the free electron, other than those included in the Hartree-Fock func. 
tions, are still not included. It is expected that these effects, particularly 
the atomic polarization potential, will have their largest effect near the 
threshold energy where the behavior of the potential at large distances is 
important. This may explain the divergence of the experiment from 
theory in the region 1.0-1.4 p. 


o (107!cm?) 
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Fic. 9. H- photodetachment cross section using a variational free state and dipole 
acceleration, velocity, and length matrix elements, due to Geltman and Krauss (1960). 
Again the experiment is normalized to the velocity curve. 


An alternative method of treating the free state is by means of the 
Hulthen-Kohn stationary expressions for the scattering phase shift. 
This has been done by Geltman and Krauss (1960) using a trial function 
containing 4 linear parameters and a screening parameter. At short 
distances, the function is made up of a linear combination of 1s, 2s, and 
3s hydrogenic functions. The bound state function used in this calcula- 
tion was again the Hart-Herzberg 20-parameter Hylleraas function. 
The greatest limitation of the continuum function used by Geltman and 
Krauss is the failure to account for angular correlations between the two 
electrons. This could be accomplished through the inclusion of the 2? 
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electron configuration in the trial function.t The result of Geltman’s 
calculation is nearly identical to that of John, and is shown in Fig. 7. 
A comparison of Figs. 7-9 shows that the dipole velocity calculation 
is indeed the most accurate one with the initial and final wave functions 
so far used. Further, refinements which bring the velocity curve closer 
and closer to the experimental values still leave large differences between 
the length, velocity, and acceleration cross sections, though they are 
beginning to converge. 


5.2 OSCILLATOR STRENGTH SUM RULES 


One final test of the accuracy of these curves must be made. Are any 
of them inconsistent with the oscillator strength sum rules? As applied 
to H-, the most useful formulae (Chandrasekhar and Krogdahl, 1943; 
Dalgarno and Kingston, 1959) are: 


me f° tot, 
re J. Cc, dv => N, (13) 
and 
mc [@ tot 2 2 
eS -1 — _*_ | w* 
—. Joy ot? te a) ¥ (Sri) Modry dry (14) 


when o'? is the total photoionization cross section from the H~ ground 
state, N is the number of electrons on the ion(N = 2), and Y is the H~ 
ground state wave function. 

In application to a negative atomic ion with only one bound state, 
the sum rules are particularly easy to apply. One need not know an 
infinite set of transition probabilities. The integration over the continuum 
must include all possible final states of the neutral atom, but the con- 
tribution of photodetachment into highly excited electronic states or 
double photoionization will contribute rather little to the total integral. 
By using Henrich’s 11-parameter H- ground state function, Dalgarno 
and Kingston (1959) evaluated the right-hand side of (14) as 14.4. 
Geltman and Martin (1960) confirmed this value, using the Hart- 
Herzberg 20-parameter function to obtain 14.22. On neglecting electron- 


t The recent advances in calculations of electron scattering from atomic hydrogen 
Portend the availability in the near future of p-wave continuum functions which will 
8lve a very accurate theoretical curve for H— photodetachment. See, for example, Abstracts 
of the Conference on Electronic and Atomic Collision Phenomena, Boulder, Colorado, 
June, 1961, W. A. Benjamin, Inc., New York, 1961. 
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ically excited or ionized final states, we are then left with two inequalities 
which must be satisfied: 





mc foo 
et i Co, dv 8 2. (15) 
and 
me fe 
ih J. vto, dv < 14.22. (16) 


Dalgarno and Kingston applied these two inequalities to the dipole 
velocity calculation of Chandrasekhar (the 11-parameter Henrich func- 
tion for H~ and the static central field for H + e) with the result 16.0 for 
the left-hand side of (16), thus proving that this cross section is in 
error. In Table II, several other cross sections which we have discussed 
are subjected to this test. Again, the plane wave final state and 20-para- 
meter bound state gives too large a value for the <r?) sum. Geltman’s 
variational free state (and John’s Hartree-Fock free state, which gives 
almost identical results) gives a cross section consistent with the sum 
rule for dipole length, velocity, and acceleration calculations. 

One may now test the experimental cross section of Smith and Burch 
with the <r?) sum rule. We may normalize the relative experimental 
curve to the theoretical calculation of John at 5280 A, extrapolating to 
zero wavelength by using the theoretical curve, and extending the experi- 
mental data from 13,000 A to the threshold by sketching in a smooth 
curve. The result, shown in Table II, is 14.3, which is approximately 
equal to the theoretical maximum value. It is interesting to note that 
the difference between the experimental curve and the theory (which 
occurs between 10,000 and 15,000 A) contributes only 0.34 to this 
sum. The major contributions to the integral arise at short wavelengths, 
30 % of the sum ariging from the wavelength region short of 4000 A. 
Nonetheless, if oné relies on the theory at high energies, one may 
conclude that the experimental curve may not lie higher than is shown 
in Fig. 7. 

The normalization given here is also consistent with the absolute 
cross section determination of Branscomb and Smith. On using the 
experimental absolute value of the integrated cross section (for 
> 4000 A), we find o = 3.28 + 0.3 x 10-17 cm?, A = 5280, while 
normalization to John’s Hartree-Fock value at this wavelength gives 
3.08 x 10-!? cm? and the variational free state gives 3.00 x 1071? cm’. 
If we attempt to normalize the experimental values any lower than 
required to fit the variational calculation at 5280, we will exceed the 
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10 % error estimate on the absolute cross section measurement. Thus, 
we are almost compelled to set the experimental values as they are 
shown in Fig. 7. In summary, we conclude that the most recent dipole 
velocity calculations are correct in energy dependence and absolute 
value from 4000 to 10,000 A, that these calculations appear to be about 
12 % low near 12,000 A, and that the <r?» oscillator strength sum is 
almost fully accounted for by photodetachment into the ground state 
of the atom. The recent calculation by Schwartz (1961) of the polariz- 
ability of H- permits the application of asum rule which relates the 
polarizability of H- to an integral of the cross section divided by the 
frequency squared. This will provide an improved test of the threshold 
region (Dalgarno, 1961). 


6 Photodetachment Cross Sections for O-, S~, and C~ 


The photodetachment spectra of only three atomic ions (O-, S-, 
and C-) other than H~ have been investigated. Of the three, only O- and 
C- have been studied in complete detail. It has been of particular interest 
to make a precise determination of the wavelength of the absorption 
threshold for O-. The shape of the cross section near threshold also 
provides a test for the possibility that a very weakly bound excited state 
might produce a resonance peak in the photodetachment continuum 
(Bates and Massey, 1943), which in turn would strongly affect the radia- 
tive attachment rate (Massey, 1950). Just as in the work on H_-, an 
absolute measurement of the integrated O- spectrum was followed by a 
series of relative measurements of the spectrum near threshold, each 
leading to an increasingly precise measure of the threshold wavelength 
and hence of the affinity of atomic oxygen (Smith and Branscomb, 
1955a; Branscomb and Smith, 1955b; Branscomb et al., 1958). 

The transition O- 2P + O 3P + ¢ is actually made up of six over- 
lapping continua corresponding to transitions between each of the 
levels ?P,,. and ?P3,. of O- and the three continua of the O 3P, , 4 levels. 
The electron affinity is defined as the minimum energy necessary to 
remove the electron from the negative ion in its lowest energy level, 
and hence corresponds to O- ?P3,.—> O 8P, + e. This happens also 
to be the transition with the largest statistical weight. The wavelength 
of this threshold and the corresponding oxygen electron affinity were 
found to be 


Xo = 8460+ 30A; AO) = 1.465 + 0.005 ev. (17) 
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This accuracy could not be achieved with the low resolution available in 
the broad-band filter combinations. It was achieved by fitting the experi- 
mental results using seven filters with radically differing transmissions 
in the threshold region to a trial cross section introduced into seven 
integrals like (12), where J(A) is understood to include the transmission 
of the ith filter. The form of this trial cross section is the threshold law 
of (8), written to include a small contribution due to photodetachment 
from the 2P,;. component of the initial O- state: 





o(A) = 


— dye 
ae | for AW<A<A, (18) 


54 x LAA 





y Do dP? yd pry — Ay? 
x | Nod a ae sale 

Here y is a constant of proportionality, B is a factor introduced to 
compensate for the uncertainty in the relative populations of the *Pjj/» 
and 2P3,. states of O-, and A, and A, are, respectively, the wavelengths 
of onset of photodetachment from these states. The ground state 
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F 1G. 10, Experimental cross section (Smith, 1960) for photodetachment of O- The 
Points were obtained with band-pass filters. The solid line and threshold wavelength 


Were determined by fitting a threshold expansion to data obtained from filters with sharp 
absorption edges in this region. 
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splitting of O- was estimated by isoelectronic extrapolation to be 
230 cm7!, so A, — Ay is taken as 160 A. Therefore, four unknown 
parameters must be determined with seven pieces of data, resulting 
in the value for Ay given in (17). 

A careful remeasurement of the shape of the O- cross section above 
threshold was then made by Smith (1960). These data are combined 
with the threshold measurements to give in Fig. 10 the best available 
experimental cross section for O-. The absolute value, accurate to 
about 10 %, is such that the cross section at A5280 A has the value 
6.3 x 10-18 cm*. Relative values are accurate to 2 % or better. 

The application of the oscillator strength sum rule (13) to the measured 
cross section from threshold up to 4000 A, makes N equal to about 
0.02. Apparently the cross section remains large to much higher photon 
energies. To extend the photodetachment cross section for O- ?P—> 
O 8P + e to zero wavelengths, Smith calculated the cross section in the 
Born approximation, using for the O- bound # state an analytic function 
approximating the wave function of Klein and Brueckner (1958) and 
for the continuum wave adopting the asymptotic solutions for /] = 0 and 
2, neglecting phase shifts. Dipole length matrix elements My, and Mp 
were used, following Bates and Massey (1943), giving 


82 me*kw 
= 3 pe, (MS + 2M) (19) 
where ?# is electron momentum and fw = hv, the photon energy. The 
resulting cross section (Fig. 11) is, as expected, too large at low energies. 


O-(2P) +hv > O(P)+e 


Experiment 


Cross Section (cm2) X 10'8 
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Fic. 11. Estimated cross section for photodetachment of O- into the ground °P 
state of atomic oxygen at high energy using a crude Born approximation (Smith, 1960). 
The curve labeled K and B is due to Klein and Brueckner (1958). 
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The calculation of Klein and Brueckner, in which distortion of the 
continuum wave by the atomic field is included, and the experimental 
curve are shown for comparison. When the experimental curve is 
extended to shorter wavelengths and joined smoothly on to the Born 
approximation calculation, the oscillator strength turns out to be equi- 
valent to 4 or 5 electrons. 

In order to get an estimate of the total absorption coefficient of O- 
in the ultraviolet region, it is necessary to include the effect of absorption 
processes which leave the oxygen atom in excited 1D and 1S terms. 
Assuming that the matrix elements for transitions to final ?P, 1D, and 1S 
states are in proportion to their statistical weights (9, 5, and 1), we can 
adjust (19) for the different threshold energies corresponding to these 
transitions and sum the three partial cross sections to get the result 
shown in Fig. 12. The integrated oscillator strength is now found to be 





O-(2P) + hy + OP 'D,'S) +hy 
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Fic. 12. Predicted form of the total O- photodetachment cross section using experi- 


mental data, the oscillator strength sum rule, and the Born approximation calculation of 
Fig. 11. 


7 or 8, which is consistent with the sum rule for a 9-electron atom, since 
excited final configurations have still been neglected. 

A more accurate calculation of the O- absorption in the ultraviolet 
has been completed by Martin and Cooper (1961), repeating with 
Minor improvements and extending the work of Klein and Brueckner 
(1958). Martin and Cooper also have calculated the cross sections for 
C-, F-, and Cl-. In all cases for which experimental data is available the 
Cross section appears to peak much nearer threshold than predicted by 
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theory, although the absolute value of the theoretical cross section 
appears to be quite satisfactory. 

This result is of interest not only because it provides the opacity of 
O- in the ultraviolet (Meyerott, 1957), but because analogous behavior 
is expected for the sulfur ion. It is a matter of interest in astrophysics 
to investigate the role of negative ions other than H™ as sources of 
opacity in stars of atypical composition (Branscomb and Pagel, 1958). 
Identification of negative ion absorption by C-, O-, Al-, Si-, P-, or S~ 
is facilitated by the moderately sharp absorption edge associated with 
photodetachment from these unfilled p-shell ions. However, these 
first absorption edges will generally lie in the near infrared, which 
handicaps observation of the stellar continuum because of the masking 
effect of molecular absorption. The existence of second and third 
absorption thresholds in O- and S~ of strength comparable with the 
first threshold suggests the possibility of identifying atomic ions in 
stellar spectra and measuring the affinities in the laboratory by observa- 
tion of these higher thresholds. 

Experimental data on the photodetachment of atomic ions other than 
H-, C-, and O- is fragmentary or preliminary. Photodetachment signals 
have been observed from S~ and P-. The study of S~ was adequate to 
determine the wavelength of the threshold, from which an affinity of 
2.07 + 0.07 ev was deduced (Branscomb and Smith, 1956). It was also 
found that the shape of the cross section was similar to that for O- 
and in conformity with the expected threshold law. A study of the 
C- spectrum (Seman and Branscomb, 1961) gives an electron affinity 
of 1.25 + 0.03 ev, and the cross section has been measured from thres- 
hold (10,500 A) to 4000 A. It falls slowly to shorter wavelengths from 
a maximum around 7000 A of about 1.43 + 0.20 x 10-17 cm?. Although 
the absorption edge associated with the excitation of the final 
carbon atom in the 'D state lies at 5080 A, in the middle of 
the observed spectral range, no additional contribution to the cross 
section is observed short of 5080 A. This is expected from the spin 
selection rules which forbid the transition C~ (4S)—C(#D) +e. 
Analogously, no such discontinuity is expected in the spectrum of Si, 
whose ground state is also 4S. 

In the spectral region between 2.6 y» and the ground state absorption 
threshold at 0.99 + 0.02 » a weak detachment signal is observed from C~. 
It appears to arise from a very weakly bound metastable state presumably 
C- 2D. No threshold was observed for this absorption, because of 
weakness of the signal and long wave length limitation of the apparatus 


(2.6 p). 


A calculation of the photodetachment cross section for Li- and for 
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H- has been made by Geltman (1956) using a procedure quite different 
from the calculations of the H~ cross section described in § 5.1. Instead 
of using a variational bound state wave function, which gives an accurate 
value of the binding energy but fails to give equality for the dipole 
Jength and velocity matrix elements, Geltman constructs simple analytic 
wave functions which are designed to assure equality of the different 
matrix element formulations [Eqs. (3) to (5)], the validity of the sum 
rules [Eqs. (13) and (14)], and a reasonable form for the potential which 
gives the correct binding energy. The results for hydrogen are in general 
good agreement with other calculations. There is no theoretical or 
experimental work with which the Li cross section can be compared. 


7 Photodetachment of Negative Molecular Ions 


7.1 GENERAL CONSIDERATIONS 


As pointed out by Massey (1950), the photodetachment of diatomic 
molecular ions is governed by the Franck-Condon rule, which requires 
that the internuclear separation of the molecule is little affected during 
the electronic transition from the negative ion into the continuum of the 
neutral molecule. In the event that the molecular ion potential function 
has a minimum at a larger internuclear separation than the minimum 
of the neutral molecule potential, the energy required to remove an 
electron by photodetachment may be quite different (even of different 
sign) from the electron affinity of the molecule. This is illustrated for 
Hy using the potential function of Dalgarno and McDowell (1956) 
(Fig. 13). As indicated on the figure, the photodetachment threshold 
from the lowest vibrational level of Hy would be expected at 1.37y, 
corresponding to a vertical detachment energy of 0.9 ev; yet the electron 
affinity derived from this calculation is —3.58 ev. 

The photodetachment spectrum of a diatomic molecular ion in a 
Specified initial state will consist of the superposition of a very large 
number of continua, each corresponding to a particular final rotational, 
vibrational, and electronic quantum state of the neutral molecule. Each 
of these continua may be expected to follow the threshold laws described 
in § 3.2. If the two electronic states involved (one of the negative ion, 
the other of the neutral molecule) have the same internuclear separation 
at equilibrium, the intense transitions will be restricted to a few final 
vibrational states, and the over-all absorption spectrum may be expected 
to resemble that of a single pair of initial and final states. However, if 
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the equilibrium nuclear separation in the neutral molecule is much 
different from that of the ion, a relatively large number of final vibra- 
tional states take part with comparable intensity, with a resulting smear- 
ing out of the spectrum, concealing the true energy dependence of the 
electronic dipole matrix element. 
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Fic. 13. Potential curves for Hy calculated by Dalgarno and McDowell (1956), 
illustrating the relationship between electron affinity and vertical detachment energy in 
negative ions of diatomic molecules. 


The problem of interpretation of photodetachment spectra of negative 
ions is further complicated by uncertainty as to the identity of the 
initial state occupied by the negative ion being observed. This experi- 
mental complication is the consequence of the use of discharge ion 
sources which contain large anode falls of potential (for ion extraction) 
which might result in the vibrational excitation of the ions during 
extraction from the source. The transit time of the ions from source to 
reaction chamber is of the order of 5 sec, during which some hetero- 
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nuclear molecule ions might radiate away their vibrational energy, but 
homonuclear molecules cannot. Again, if the potential functions of both 
neutral and negatively charged molecules are similar, the influence of 
initial vibration is reduced by virtue of the relatively great strength of 
the Jv = 0 sequence, the members of which fall at roughly the same 
wavelength and are superposed. When the potential curves are shifted 
and the ions are vibrationally excited, the effect is greatly to extend the 
spectral range of the absorption and conceal from the investigator any 
clear evidence bearing on the shape and location of the negative molecular 
potential function or the degree of excitation, if any, of the negative 
ions. Thus, it is apparent that at the present stage of development of 
apparatus for investigation of spectra of negative molecular ions, a 
number of conditions should be fulfilled to permit interpretation of the 
observed spectrum if no a priori knowledge of the negative ion potential 
curve is available: 

(a) Initial and final internuclear separation should be similar. 

(b) There should be little or no vibrational excitation in the ion 
beam. 

(c) The neutral molecule vibrational spacing should sufficiently 
exceed the photon energy width of the optical filters to permit resolution 
of the continua corresponding to different vibrational sequences. 

(d) The photodetachment cross section between specified states 
should exhibit a sufficiently sharp threshold, and 

(e) simple over-all shape so that different vibrational sequences can 
be identified in the total absorption spectrum. 


7.2 Tue PHOTODETACHMENT SPECTRUM OF OH- anno OD- 


The OH ion appeared to meet these five conditions when investigated 
by Smith and Branscomb (1955b) and Branscomb (1957a) using the 
low-resolution difference method with glass filters. In confirmation of 
Geltman’s expectations, a sharp absorption edge was observed consistent 
with the threshold expansion of (9). The threshold energy corresponds 
to 1.78 ev. Subsequently, this spectrum was reinvestigated with band- 
pass filters in a search for more than one vibrational sequence and means 
for identification of the sequences. To prove that the electron affinity 
of OH is 1.78 ev, one must prove that the one strong threshold which 
is observed corresponds to dv = 0. The higher resolution experiments 
did not reveal a second threshold one OH vibrational quantum above 
the first. This might result from the near identity of the internuclear 
separations of OH and OH-, which is theoretically anticipated (Ransil 
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and Krauss, 1960). Second, it was shown that the absorption at longer 
wavelengths than the threshold (7000 A) was less than 10- of the obser- 
ved OH- absorption, which might result from a low degree of vibrational 
excitation, since absorption in this region presumably results from 
Av = — |. Third, comparisons of OH~ and OD~ were made, and the 
threshold wavelength was found to be identical to + 50 A. This should 
prove that the observed threshold does indeed result from the (0, 0) 
vibrational continuum, since any sequence other than 4v = 0 would 
shift OD~- relative to OH- by an amount equal to or greater than the 
difference in the vibrational quanta of the respective neutral molecules. 
It appears, however, that condition (e) is not fulfilled. The absorption 
appears to show a strong maximum near threshold, a deep minimum 
about 300 A above the threshold, followed by a second maximum. The 
band-pass filters are too broad to be used in the investigation of this 
structure, and higher resolution is needed. Until higher resolution is 
available, the question remains unanswered whether this structure 
results from (a) a strong, partially resolved absorption (autoionization) 
line at the threshold, (b) an oscillating photodetachment cross section 
within 0.2 ev of threshold, or (c) some other cause possibly related to 
excited electronic or vibrational states of the negative ions. 


7.3. THE PHOTODETACHMENT SPECTRUM OF O 7 


The only other molecule ion whose photodetachment spectrum has 
been investigated is Oz. Burch et al. (1958) observed a detachment 
probability decreasing over the entire range from 4000 to 25,000 A. No 
threshold could be found, and it appeared that the absorption edge lay 
below 0.5 ev. The observed points are shown in Fig. 14, together with 
the O- cross section for comparison. In this case, conditions (c) and (d) 
for unequivocal analysis of molecular detachment spectra are not met, 
and we have no certainty that (a) and (b) are fulfilled. The data were: 
highly reproducible in spite of changes in the ion source conditions 
which might be expected to produce changes in the population of excited 
states if such are populated. The threshold law for detachment of a 
m, electron from Oj */I, is expected to be of the form given in (7) (See 
Table I). Since the electron affinity of O, is in controversy, values from 
0.07 to 0.9 having been advanced (Burch e¢ al., 1958), and since the 
ground state potential function for O7 is unknown, it was not possible 
to predict the energy of onset of the spectrum. Accordingly, the experi- 
mental points were fit to the threshold law. A good fit was possible, as is 
seen from Fig. 14, for the solid line drawn through the points is a plot 
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of (7) with two coefficients in the expansion and a threshold value of 
0.15 + 0.05 ev. The intercept occurred far below the last observed 


point (0.5 ev). 





oe X108 cm 








a x 10° cm? 


10 IS: 2.0 2.5 


Photon Energy in ev 


Fic. 14. Observed photodetachment spectrum (Burch et al., 1958) of Oz, compared 
to the cross section for O-. The solid line is a 3-parameter threshold law expansion fitted 
to the experimental points. The extrapolated intercept is at a photon energy of 0.15 ev. 


In this case it is quite impossible to resolve any vibrational structure 
in the curve. The resolution of the filters is approximately equal to the 
vibrational quanta. In addition, the E%/? power law at threshold would 
cause the continua at each vibrational level of the final O, state to merge 
smoothly into one another. 

Recently, additional research bearing on the electron affinity of 
molecular oxygen has shed doubt on the reliability of the thermo- 
chemical value of 0.9 ev (Kazarnovski, 1948; Evans and Uri, 1949). 
Mulliken has reviewed the qualitative predictions of molecular orbital 
theory (Mulliken, 1959) with the conclusion that 0.9 ev is unreasonably 
large. More direct information comes from the swarm experiments of 
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Phelps and collaborators. Chanin et al. (1959) measured the three body 
attachment coefficient in molecular oxygen under conditions closely 
approximating thermal equilibrium near room temperature: e + 20, > 
Oz; + O,. Then Phelps and Pack (1960) measured the collisional detach- 
ment rate (the reverse of three body attachment), which they could only 
observe at temperatures above 425°K. Again the detachment rate is 
thought to represent thermal equilibrium. By extrapolation of the 
attachment frequency above 425°K, the electron affinity can be deduced 
from the law of mass action. The resulting value is 


A(O,) = 0.46 + 0.02 ev. (20) 


Several of the assumptions upon which the validity of (20) depends 
would, if unjustified, imply an even higher value of the electron affinity 
of O,. Should this value prove correct, one must conclude that the excel- 
lent fit of the photodetachment spectrum to the power law given in (7) 
is fortuitous, unless the observed spectrum arises from an excited state 
or level, not the lowest level, which is about 0.15 ev below the continuum. 
That this might be the case was anticipated in the original paper (Burch 
et al., 1958), where quality of the fit was called “surprising” in view 
of the very limited region above threshold over which the threshold 
laws have fit the observed data in other ions. 

The only molecular negative ions whose detachment spectra have 
been carefully studied are OH- and Oz. However, a preliminary attempt 
to detach electrons from NOz was made using radiation of 5200 A 
(Branscomb, 1957b). No signal was recorded, and the assumption is 
made that either the vertical detachment energy of NO, exceeds 2.5 ev 
or that the detachment cross section is unusually small. This matter 
requires further investigation because of the potential geophysical 
importance of the NO? ion. 

Certain speculations have also been made about the photodetachment 
spectra of molecular ions such as CN~ and Cj, in particular in stellar 
atmospheres (Branscomb and Pagel, 1958). 


8 Formation of Negative Ions by Radiative Attachment 


8.1 RapIATIVE ATTACHMENT TO ATOMS 


The inverse process to photodetachment is radiative attachment: 


e4+X—>X- +d. (21) 
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The two cross sections are related by the principle of detailed balancing 
(Massey, 1950): 


oder = (mcv/hv)? (go/g_oatt (22) 


where m and v are electron mass and velocity, hv is the photon energy, 
and g, and g_are statistical weights of the neutral atom and negative ion. 
Thus, when the photodetachment cross section for an atomic ion has 
been measured from the threshold to some energy hv, the radiative 
attachment cross section can be immediately calculated for electrons 
whose energy ranges from zero to hv — E,, assuming that one knows 
the ground state term of the negative ion, on which g_ depends. 

One can also solve (22) for catt and substitute the threshold law (6) 
for caet, thus deriving the threshold behavior for radiative attachment: 


cate vR2-1(b, + bk? + bok ...). (23) 
For electron attachment into a bound a state, ] = 1 and 


Crp ons © VR(by + bik? + ...) (24) 
while 
Srsanp& V3R-Mby + bk? + ...). (25) 


Thus, for electron attachment to atomic hydrogen, oatt vanishes at the 
threshold according to (24). The cross section calculated from experi- 
mental data of Smith and Burch (1959) on the reverse process is shown in 


H+e — H +hv 


Ox (cm2) x 1024 








0.5 1.0 LS. 2.0 
Electron Energy (ev) 


Fic. 15. Radiative attachment cross section for electrons to atomic hydrogen cal- 
Culated by detailed balancing from the photodetachment spectrum of H~- as determined 
by Smith and Burch (1959). 
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Fig. 15. Similarly, Fig. 16 shows the O- attachment cross section 
calculated from the experimental photodetachment data (Smith, 1960). 


yn Ww hb a Dn N @® 


O” Attachment Cross Section (cm? x 10°) 


fe} 


Ke) 15 
Electron Energy (ev) 
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Fic. 16. Radiative attachment cross section of electrons to atomic oxygen calculated 
by detailed balancing from the photodetachment cross section from Smith (1960). 


Here (25) is followed, with the cross section becoming infinite at the 


origin. 
© 
o 4 
x 
B 3 
yn 
' 9 H+e — H +hy 
m 
Ee 
= 
Y ! 
1.0 2.0 
Electron Energy (ev) 
Fic. 17. Rate coefficient for 


radiative attachment of electrons 
to atomic hydrogen calculated 
from Fig. 15. 


Of more practical interest is the mono- 
energetic attachment rate 


a = VOatt- 


(26) 


Since k, the electron momentum, is pro- 
portional to the velocity v, we see from 
(24) and (25) that rate for attachment into 
an s state rises from zero as k? (see Fig. 17). 
For attachment into p states the rate is 
finite at the threshold, which is seen for 
O- in Fig. 18. If one deals with a swarm 
of electrons with a known distribution of 
velocities, the average attachment rate is 
obtained by integration of (26) over this 
velocity distribution. It is clear by in- 
spection of Figs. 17 and 18 that attachment 


into s states will have a strong temperature dependence, while the 
rate for atoms with unfilled p shells will be nearly independent of 


temperature. 
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O™ Attachment Coefficient (cm3/sec x 10'°) 





0 1.0 15 2.0 
Electron Energy (ev) 


Fic. 18. Rate’ coefficient for radiative attachment of electrons to atomic oxygen 
calculated from Fig. 16. 


8.2 RADIATIVE ATTACHMENT TO MOLECULES 


Equation (22) can also be used to calculate radiative attachment cross 
sections for the diatomic molecules whose photodetachment spectra 
have been observed, providing the latter are known to correspond to a 
single initial and final vibrational state. We have no certainty that this 
is the case for the spectrum of Oj discussed in the previous section. 
If the absorption spectrum corresponds to a number of transitions to 
different final vibrational levels, the radiative attachment cross section 
deduced from the application of (22) will refer to electron attachment to 
an QO, gas with this same (highly improbable) vibrational distribution. 
A further difficulty arises from the fact that we do not observe the thres- 
hold in the photodetachment of O2. The effect of the vertical detachment 
energy on the radiative attachment coefficient can be seen from Fig. 19, 
which shows the attachment coefficient for O, on the above assumption 
and for E, = 0, 0.2, and 0.5 ev. These curves are obtained from the 
power law fit to the photodetachment data, which gives 


« = 0.78 10-36 (hv)® (hv — Ey) [0.37 — 0.07 (kv — E,)] cm/sec (27) 


where the photon and threshold energies are given in electron volts. 
If in fact the photodetachment spectrum does correspond to transi- 
tions which leave the O, molecule in excited vibrational states, the 
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attachment coefficient will take quite a different form, for one must 
apply (22) separately to each vibrational transition, and the change in 
internal energy in each of these transitions will determine the relation 
between v and v in (22). 


ios 


107'5 


Radiative Attachment Coefficient d (cm3/sec) 
ro) 
t 
a 





Electron Energy (ev) 


Fic. 19. Radiative attachment coefficients for atomic oxygen and hydrogen and 
illustrative curves for molecular oxygen. The three curves for O2(as a function of vertical 
detachment energy E,) are correct only if the experimental photodetachment spectrum 
from which they were calculated refers to single initial and final vibrational states. The 
best value for E, is thought to be 0.46 ev (Phelps and Pack, 1960). 


8.3. EmIssIon CONTINUA DUE To RADIATIVE ATTACHMENT 


Although the radiative attachment continuum (or affinity spectrum) 
of H- was identified as the dominant source of solar continuum in the 
visible by Wildt (1939), a negative ion spectrum was first observed in 
the laboratory in 1951 by Lochte-Holtgreven (1951) in a water-stabilized 
hydrogen arc. In these experiments the negative ion spectrum forms only 
part of the continuum due to a number of different recombination 
processes. Accordingly, it was not possible to deduce the radiative 
attachment cross section for atomic hydrogen from these observations. 
More recent experiments at Kiel have produced much stronger negative 
ion continua under circumstances more amenable to quantitative evalua- 
tion. Weber (1958) has produced a strong H~- attachment spectrum in 
emission from reflected shock waves of hydrogen expanded into low 
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pressures of krypton. The spectrum was investigated in the blue region 
in order to minimize the contribution from free-free transitions. The 
H- emission is estimated to be 30 times stronger than any other source 
of continuum in the region immediately to longer wavelengths from the 
Balmer discontinuity. Relative intensities in the observed spectra are, 
on the assumption of local thermodynamic equilibrium, in good 
agreement with the predicted intensity distribution from the theoretical 
cross section. 

The negative atomic oxygen ion continuum has also been studied in 
emission at Kiel using a wall-stabilized arc at atmospheric pressure. 
Boldt (1959a) measured the arc temperature as a function of radius using 
the absolute intensity of an atomic oxygen emission line. He then 
separated the negative ion continuum from the atomic recombination 
spectrum by analysis of the temperature dependence of the emission 
continuum. Again local thermodynamic equilibrium is assumed, and 
the contribution from free-free transitions is included in the deduced 
free-bound cross section. The O- photodetachment cross section was 
deduced, using Kirchoff’s law, and the result differs by about 30 % 
from the directly measured photodetachment cross section. This is 
felt to be good agreement, since Boldt quotes a possible 30 % error in 
its values; the crossed-beam experiments are good to about 10 % in 
absolute value; and perhaps 10 % of the difference is accounted for by 
contributions from free-free transitions. 

The quite similar investigation by Boldt (1959b) in a nitrogen arc 
yielded, surprisingly, an even stronger affinity spectrum than the 
oxygen arc. This result was explained by invoking the metastable 1D 
state of N~- suggested by Bates and Moiseiwitsch (1955). For this 
explanation to hold it is only necessary that the electron collisional 
destruction rate for N~ 1D should exceed the spontaneous decomposi- 
tion rate. At the high pressures and electron densities involved, this is 
probably the case. Thus, the affinity spectrum in nitrogen may result 
from radiative attachment of free electrons to metastable atomic nitrogen 
atoms in the *D state. 


9 Atomic Electron Affinities 


Several complete surveys of the available information on atomic 
electron affinities have recently been published (Buchel’nikova, 1958; 
Branscomb, 1957a; Pritchard, 1953). The references cited include a 
Summary of molecule affinities. Here we will restrict ourselves to atoms. 
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In Table III are summarized selected experimental and theoretical (or 
empirical) data. The second column of the table gives the results of 
experiments or calculations thought to be reliable to within about 
0.1 ev (with the exception of data for Na~ and P~ which may be uncertain 
by a much larger margin). For comparison are given the results of two 
recent semiempirical extrapolations along isoelectronic sequences. 
Other forms of extrapolations will be found discussed in (Branscomb, 
1957a). The methods of Edlen (1960) and Johnson and Rohrlich (1959) 
are nearly identical. Edlen included a shorter series and fit to fewer 
undetermined parameters, using more recent input data on ionization 
potentials. Neither method fits the results to experimentally determined 
affinities and both can claim some theoretical justification to the form 
of the extrapolation. It is very interesting to note that the predictions 
(particularly of Edlen) are in excellent agreement with the experimental 
data which exist, and yet quite conflicting predictions are made with 
regard to Al-, P-, and Si-, which have not yet been studied by the 
photodetachment method. These differences between the Edlen and 
Johnson and Rohrlich results demonstrate the extreme sensitivity of 
the extrapolations to the input data on ionization potentials of iso- 
electronic positive ions. The apparent excellent agreement of the data 
for the halogens is upset by the elegant direct observations of Berry et 
al. (1961). All halogen affinities may have to be lowered by about 
0.1 ev. 
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1 Introduction 


As a result of a concentrated research effort by numerous workers, it 
is now generally recognized that the shock tube affords a powerful tool 
for the investigation of high-temperature, high-velocity gas flow. We 
will mainly consider the shock tube as a device for the precision deter- 
mination of atomic properties and will not consider molecular processes 
in any detail. Included are atomic transition probabilities (f-numbers) 
and line broadening coefficients (damping constants and shape functions). 
From the precise measurement of these quantities, one can also obtain 
information on atomic and ionic wave functions. The various sections 
which follow are written from the point of view of assessing the appli- 
cability of the shock tube for such measurements. We need not dwell 
on the motivations for carrying out accurate measurements of this 
kind. However, because of the crucial concern to astrophysicists, we 
might simply point out, as an illustrative example, that the determina- 
tion of the structure of stellar atmospheres, of chemical abundances 
(the hydrogen-helium ratio, for example), and of stellar masses depends 
sensitively on a knowledge of f-numbers and line profiles. 

There is an extensive body of literature on the use of the shock tube 
to study such things as: the production of plasmas for magnetohydro- 
dynamic studies, boundary layer physics, the measurement of ionization 
and dissociation energies, various aerodynamic studies, relaxation 
phenomena, plasma preheating for controlled fusion investigations, 
structure of collision-free shock waves at low densities, etc. It is not our 
purpose here to present a comprehensive historical survey of this vast 
field of physical research; such a review might well fill a book by 
itself. It is necessary, therefore, to curtail drastically the number of 
references and to limit the scope of the present chapter quite sharply. 

In order to discuss in a critical way the shock tube potentialities, we 
must also be concerned with the experimental determination of the 
plasma properties or plasma state. This is necessary so that one can 
correlate spectroscopic observations with a plasma whose various 
ionic and atomic concentrations as well as the temperature are known 
with sufficient accuracy. Since the degree of ionization and also the 
populations of the atomic and ionic bound excited states depend critically 
on the temperature, it is imperative that it be measured with a relatively 
high order of accuracy. Since the concept of temperature is meaningful 
only if there is local equilibrium, some discussion is necessary of the 
conditions necessary for equilibrium among the excited states and 
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between the various ionization species, as well as the translational degrees 
of freedom. 

In addition to an emphasis here on the determination of plasma 
properties and atomic properties, some discussions of the hydrodynamic 
aspects are also required in order to appreciate fully the possibilities of 
the shock tube as a research tool. Since it now appears that for high- 
temperature shock waves the interaction between radiation and hydro- 
dynamic phenomena is of considerable importance, some attention will 
be given to this topic, although it is as yet only partly understood. 
Apparently, radiation effects are important in promoting the observed 
rapid equilibration behind strong shock waves as well as providing a 
mechanism for depositing energy ahead of an advancing shock front in 
magnetic shock tubes. Because of these basic difficulties, only the sim- 
plest hydrodynamic considerations will be given here, and it should be 
emphasized again that in this area much remains to be done from both 
a theoretical and an experimental point of view. Therefore. most of 
our remarks concerning deviations from the usual hydrodynamic 
theory will be of a more or less speculative nature, employing some 
rather drastic assumptions. 

Since one of the major purposes here is to assess the possibilities for 
developing a high-temperature, thermal light source to obtain informa- 
tion on atomic properties, we will draw heavily on experimental work 
at the U. S. Naval Research Laboratory, the University of Maryland, 
the University of Michigan, and Kiel University (with which the authors 
are most familiar). In any event, it is quite clear that the shock tube is 
only beginning to emerge as a device useful for precision measurements, 
and it is the purpose of this brief survey to help delineate those areas 
which bear immediate promise as well as those areas which are only 
poorly understood, and whose understanding is necessary for the future 
development of shock tube techniques. 


2 Hydrodynamic Considerations 


2.1 SHocK-WAvE CONDITIONS WITH IONIZATION 


The state of a plasma behind a strong shock front can be determined, 
in principle, from the conservation of mass, momentum, and energy. 
Since detailed accounts (Courant and Friedrichs, 1948; Resler e¢ al., 
1952; Turner, 1956; Seay, 1957; Laporte, 1960) of the theory of shock 


waves can be found elsewhere, we will only summarize here the basic 
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relations which govern the propagation of shock waves which are 
sufficiently strong to produce ionization. The shock relations take a 
particularly simple form in case the relaxation times for dissociation, 
ionization, excitation, and randomization are short enough that equili- 
brium considerations apply. 

As discussed in §6, these equations accurately correspond to the 
measured state of the shocked gas (if the densities are high enough) after 
the relaxation period. This verifies the equilibrium assumption used in 
the calculation and makes the conventional shock tube useful as a thermal 
light source (§ 7). 

Neglecting for a moment relaxation effects, preheating, and pre- 
excitation, and assuming that there is an equilibrium state behind the 
shock front, then the usual conservation equations for a plane shock 
wave propagating into, e.g., a helium gas initially at rest, are 


NV —u) =NV (1) 
NM(V — u)? + P= N,MV? + Py (2) 
4M(V —u?+H=1MV?+4H,, (3) 


where N = N° + N+-+ Nt+ is the (number) density behind the 
shock front and Ny the ambient density, V the shock velocity, u the 
flow velocity, M the helium atomic mass, P the pressure, and H the 
enthalpy per atom (neutral, singly or doubly ionized) behind the shock. 
P, and Hy are the corresponding quantities ahead of the shock. The 
pressure is 
P =kT(N° + 2N+ + 3N*+), (4) 
and the enthalpy is given by 
H =3(1 +a + 2)kT + (1 — a — p)E, + o£, +x) + pxt, — (5) 


where « = N+/N = degree of single ionization, and p= Nt++/N = 
degree of double ionization. y° and y+ are the ionization energies of the 
neutral and singly ionized atoms. 

The excitation energies of the neutral atom and the singly ionized 
atom are given by the thermal averages, with a suitable cutoff (e.g., 
Unséld, 1948) which introduces a slight density dependence. 


fp, — Un Xn &n exp (— xnlRT) 6) 
oD, gt exp (— XRT)’ 


5 __ LnXn &n &XP (— xn/kT) 
E = nXn dn nN ; 6b) 
* "Sy gt exp (— xt/AT) ( 
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These equations have been solved numerically, e.g., for argon (Resler 
et al., 1952), helium (Faneuff et al., 1958; Seay, 1957), hydrogen (Turner, 
1958, 1959), and for the rare gases at low degrees of ionization (Niblett 
and Kenny, 1957) (see Fig. 1 which is reproduced from that paper). 


ool> 





M 


Fig. 1. The density ratio p,/pp as a function of Mach number for rare gases. 
Ty) = 296°K and Py, = 1 mm Hg. [Reprinted from Niblett and Kenny (1957).] Ionization 
results in density ratios greater than 4. 


For partial single ionization behind the shock and no ionization ahead, 
the density ratio is given by [(4P/P)) + 1]/[(P/Po) + 4 — 2«x°/kT], and 
it is seen that for large pressure ratios and low degree of ionization the 
limiting density ratio is 4. When ionization is important, the density 
ratio across the front can exceed 4, which is the maximum value for an 
equilibrated gas with only translational degrees of freedom. Also, the 
temperature does not rise as steeply as for an ideal gas because energy 
has to go into excitation, ionization and dissociation in the case of 
molecular gases. 


2.2 STRONG SHOCK APPROXIMATION 


The situation is further simplified (strong shock limit) if the tempera- 
tures and densities behind the shock wave are so large that one may 
neglect the pressure and enthalpy ahead of the shock front, i.e., in the 
undisturbed gas. This presupposes that the gas ahead of the shock front 
has not been preheated (for example, by precursor radiation, as discussed 
In § 5.3). 

If single ionization is nearly complete (« = 1) but the number of 
doubly ionized atoms is small (p < 1), then one obtains with the strong 
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shock approximation, i.e., neglecting H, and P, and also neglecting the 
excitation energies 

















Bsa 1 x’x* 5 xt 
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V=(F x a 1+ ”) 
3+) (44+ 45) (3+ +r) 
and 
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N+ x° kT 2&T 
ayo (4+) eer eee (8) 
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The degree of second ionization is determined by Saha’s equation (see 
§ 7.2) with Ne ~ N+ and T given by (7) with p = 0. The correction 
for second ionization in (7) results in a ~ 10 % increase in the 
shock velocity for temperatures of ~4 ev, whereas the correction 
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Fic. 2. Temperature vs. velocity obtained from modified Rankine-Hugoniot equa- 
tions calculated in the strong shock approximation except for the curve labeled “equili- 
brium first ionization” in which the enthalpy and pressure ahead of the front were taken 
into account. In the curve labeled “equilibrium second ionization,’ first ionization 1s 
complete. The points refer to experimental determinations. [Reprinted from McLean 
et al. (1960).] 
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term containing p in (8) turns out to be completely negligible. The 
electron density follows from (8) (without the p correction term) and 
the quasi-neutrality condition. 


Ne = [4 + (x°/RT)] (1 + 2p) No. (9) 


Figure 2 shows several temperature-velocity curves for helium obtained 
from the’strong shock approximation with and without including the 
effect of double ionization. Also shown are the results of earlier Rankine- 
Hugoniot numerical calculations by Faneuff et al. (1958) where the 
strong shock approximation was not used, but the effects due to single 
ionization were included. Second ionization and the excitation energy 
were neglected in these calculations. The experimental points refer to 
experiments (McLean et al., 1960) and the solid curve takes into account 
the preheating due to precursor radiation (§ 5.3). Temperatures behind the 
incident and reflected shock waves in hydrogen and deuterium calculated 
in the strong shock approximation are shown in Fig. 3 (Kolb, 1957a, b). 


103 





kT (ELECTRON VOLTS) 
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SHOCK VELOCITY x10-® (CM/ SEC) 


Fic. 3. (a) Temperature behind incident 7; and reflected T; shocks versus shock 
Velocity for deuterium in the strong shock approximation. [Reprinted from Kolb 
(1957a).] Pre-excitation of the gas ahead of the front is neglected. 

Fic. 3 (b) follows. 
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Fic. 3(b) - Hydrogen. See Fic 3 (a) caption on preceding page. 


For the range of temperatures and electron densities normally en- 
countered, the terms in the enthalpy equation (5) which involve the 
excitation energies Ey and E£., are usually small (see estimates in Wiese 
et al., 1960) compared to the terms containing the ionization energies. 
They are, therefore, completely negligible compared to the uncertainties 
(connected with precursor radiation, see § 5.3) in the application of the 
shock theory to magnetic shock tubes where the strong shock approx- 
imation should be valid. However, with increased measurement precision 
these terms should be considered for application to conventional shock 
tubes, where the usual Rankine-Hugoniot relations seem to apply in 
many cases (§ 6). 
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One might also expect for magnetic shock tubes that the usual shock 
equations, as given above, have validity in the limit of high densities 
where the mean free path for precursor radiation (§ 5.3) is sufficiently 
short so that the gas ahead of the front is not pre-excited. This is the 
situation for strong shock waves propagating in helium or hydrogen at 
initial pressures of the order 10 mm Hg or greater (Elton, 1961). 

In Elton’s magnetic shock tube experiments, the electron density is 
measured to be as high as 108 cm-® behind the reflected shock. The 
continuum radiation is used for the density determination which agrees 
within the experimental error with that calculated from the Rankine- 
Hugoniot relations. At these high densities, the ion-ion relaxation time 
is of the order 10-12 sec, and the electron relaxation time is still shorter. 
Here, we have a clear case in which one can discuss the shock phenomena 
from equilibrium considerations. 

At lower densities, of the order 10!” ions/cm® in helium (McLean 
et al., 1960) and also in hydrogen (Wiese et al., 1960, 1961), it has been 
shown that an equilibrium state is established in times of the order of 
10-7 sec. However, here the influence of precursor radiation seems to 
be of paramount importance since the mean free paths for the resonance 
lines of He II or atomic hydrogen are comparable to the dimensions of 
the shock tube. The shock temperatures here were of the order 40,000° K 
(in helium) or 20,000° K (in hydrogen), and the duration of the high 
temperature flow was about | psec. 

These various experiments seem to show that one can use high- 
velocity magnetically driven shock waves to establish a plasma whose 
state can be described from equilibrium considerations and for which 
the hydrodynamic equations are applicable when the effects of precursor 
radiation and stray magnetic fields are taken into account properly. 
The situation concerning the state of a plasma produced by a high- 
velocity imploding cylindrical shock wave moving into a partially 
ionized gas containing a magnetic field is much more complicated 
(see § 4). Here the microscopic processes leading to equilibration must 
be considered in detail, and much work remains to be done in order to 
understand the heating and ionization processes for strong shock waves 
having high current densities, low electron densities, and intermediate 
relaxation times. 
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3 Plane Shock Waves 


3.1 CONVENTIONAL SHOCK TUBES 


Shock tubes used for the production of high-temperature gases 
divide themselves naturally into three classes: (1) conventional (energy 
source is a high-pressure chamber), (2) explosive driven, and (3) electri- 
cal. Conventional shock tubes were first used in 1951 to study self- 
luminous shock waves at Cornell (Resler et al., 1952) and the University 
of Michigan (Hollyer et al., 1952, 1953; Turner, 1956). In these tubes 
the high-pressure chamber is separated from a low-pressure expansion 
tube by a diaphragm (Fig. 4). When the diaphragm is broken, the 
expansion of the high-pressure gas generates a shock wave in the low- 
pressure gas. The shock heated gas is, in turn, separated from the driver 
gas by a contact surface moving with the flow velocity. Relatively large 
volumes of gas (several liters) can be heated to temperatures up to 
~ 15,000° K and pressures of ~ 0.1 to 10 atm. The time scale in these 
experiments generally lies between 10 and 1000 psec, depending on the 
shock tube dimensions, temperatures, etc. A detailed review of the 
theory and operation of conventional shock tubes has been prepared by 
Glass and Hall (1959). The following comments serve only to point out 
some of the essential features and our attention in later sections will be 
mainly concerned with shocks sufficiently strong to produce ionization. 

The parameters of the Michigan shock tube are typical (Turner, 
1956). It has a cross section of 1 3 x 23 in., the expansion chamber is 
8 ft long, the high pressure chamber is 4 ft long and is operated with 
hydrogen at 400 to 700 psi, although pressures up to 10,000 psi have 
been utilized elsewhere and experiments with 30,000 psi heated-hydro- 
gen drivers are now being prepared at the Cornell Aeronautical Labora- 
tory (Treanor, 1961). With 1 cm Hg of neon in the expansion tube, 
shock waves with velocities of ~ 2.5 to 3.5 mm/sec are obtained which 
traverse the tube in about a millisecond. The shock wave is reflected 
off the end of the tube with ~ 0.5 the primary velocity. The reflected 
wave moves into compressed neon, which has a flow speed of ~ 0.75 
the primary velocity. The gas behind the reflected wave is brought 
nearly to rest and is further compressed and heated to temperatures 
between 8000° and 15,000° K. This gas is now being used for f-number 
and line broadening studies. 

These wave motions can be photographed with rotating drum or 
rotating-mirror streak cameras because of the luminosity of the gases. 
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A typical streak photograph, correlated with a time-resolved spectrum, 
shows the essential features, Fig. 5. The radiation from the front of 
the incident shock wave consists of the bands of C, and CN molecules 
which are formed (Turner, 1955a, b; Rosa, 1955) from organic vapors 
in the tube. This luminosity sharply defines the front, and precise 
velocity measurements can be obtained from such photographs. In the 
Michigan studies with pure neon, these bands are not observed unless 
CH, (normally ~ 0.1 %) is added. The impurity concentration in these 
particular experiments has a drastic effect on the observed relaxation 
times (Greene, 1954; Fairbairn and Gaydon, 1955, 1957; Charatis et 
al., 1957; Charatis and Wilkerson, 1958). 

Behind the reflected shock, there is a dark zone which corresponds to 
the time for ionization relaxation. This is also particularly evident behind 
the primary shock wave in xenon, where the continuous radiation is very 
strong (Fig. 6) (Turner, 1956; Gloersen, 1960). Following multiple 
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Fic. 7. Motion of shock waves and gas particles according to the ideal theory for a 
one-dimensional shock tube as described in the text. p, p, and u denote density, pressure, 
and flow velocity, respectively. [Reprinted from Laporte and Wilkerson (1960).] 
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shock interactions with the contact surface, the high-temperature emis- 
sion is quenched by the cold hydrogen driver gas. 

The conventional shock tube characteristics are summarized in an x — t 
diagram, Fig. 7. The x-axis represents the length of the shock tube. The 
motion of a fluid element is shown by the dotted line. The fluid element 
is overtaken by the primary shock and is brought to rest due to the 
reflection of the shock at the end. The expanding driver gas is to the 
left of the interface line. These curves are calculated from ideal 
theory which neglects boundary layer effects, radiation losses, real gas 
effects, etc. In practice, the flow lines are not straight and there can be 
rather large departures from this ideal behavior as discussed in subse- 
quent sections. 


3.2 ExpLosivELy DRIvEN SHOCK TUBES 


One limitation of conventional shock tubes is that they are only 
efficient when the ratio of the sound speeds of the driving and driven 
gas is large. Solid or gaseous (Shreffler and Christian, 1954; Christian et 
al., 1955; Christian and Yarger, 1955; Seay, 1957) explosives can be 
used to increase this ratio and produce temperatures of 10,000° to 
20,000° at much higher pressures than in conventional tubes. By this 
method Seay was able to excite the helium spectrum at calculated 
temperatures of ~ 20,000° K and investigate the broadening of the 
spectral lines by the Stark effect of surrounding ions and electrons 
(see Baranger, Chapter 13, and § 7.4). In this experiment, the driver gas 
and diaphragm were replaced by a block of high explosive which 
provided the necessary shock strength. The generation of such strong 
waves in helium with conventional tubes is difficult because of the low 
atomic weight (high sound speed) of helium and the relatively low sound 
speed in the driver gas, even with hydrogen. Direct temperature measure- 
ments behind the primary and reflected shock waves in explosively 
driven tubes have not yet been reported, to our knowledge. 


3.3. EvectricaL (Macnetic) SHock TUBES 


There are a variety of electric shock tubes now in use for the pro- 
duction of shock-heated plasmas with temperatures above 20,000° K. 
Mach numbers in the 20 to 200 range can be produced in these tubes. 
‘he energy and momentum input into the gas is due to Ohmic dissipa- 
tion of high pulsed currents and the action of Lorentz forces that are 
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set up by plasma currents and magnetic fields. The pressure associated 
with a magnetic field of, say, 100,000 gauss is about 1500 psi, and this 
plays the role of the high-pressure chamber-diaphragm combination 
or the high explosive discussed previously. We will refer to these tubes 
in general as magnetic shock tubes because the energy input due to the 
magnetic acceleration is generally larger than that due to resistive dissi- 
pation alone. 


3.3.1 T-Tubes 


Shock waves generated by striking a discharge between two electrodes 
at one end of a T-shaped tube, with the subsequent expansion of the 
Ohmic heated gas into the side arm, were first studied by Fowler et al. 
(1951, 1952a, b). Temperatures up to ~ 30,000° K could be produced 
in this way. To generate higher energy plasmas with the T-tube, one 
uses a current-return backstrap which is perpendicular to the side arm 
and parallel to the gas-current path (see Fig. 8). This produces a rapidly 


PLASMA 






EXPANSION TUBE 


SHOCK FRONT 


Fic. 8. Magnetic shock tube (T-tube). [Fig. 2 of Kolb (1960b).] 


rising magnetic field and J x H force which further accelerates the 
plasma. With high voltage, and low inductance circuits, a deuterium 
plasma has been driven with velocities up to ~ 15 cm/ysec, correspond- 
ing to ion energies in the 100-ev range (Kolb, 1957a, b). 

Following the initial experiments which were designed to demonstrate 
the feasibility of using magnetic acceleration of plasmas to produce 
high Mach number flows, these tubes have been used (McLean et al., 
1960; Wiese et al., 1960, 1961; Kolb, 1960a, b, 1961) for the production 
and spectroscopic study of equilibrated plasmas at high densities 
(~ 10!” electrons/cm*) with temperatures of ~ 40,000° K in helium 
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and ~ 20,000° K in hydrogen. The object of these particular experi- 
ments was to prove by purely spectroscopic means that the shock-heated 
plasma is in local thermodynamic equilibrium, LTE (see § 5). Experi- 
ments are now in progress which utilize the equilibrated helium and 
hydrogen plasmas produced by a T-tube as a radiation source for 
f-number and collision broadening studies. 

A typical streak camera photograph of a magnetically driven plasma 
is shown in Fig. 9. The self-luminous shock front is clearly visible, with 
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Fic. 9. Typical streak camera photograph of a magnetically driven shock wave in 
a T-tube (28 kv, 0.8 uf, 500 kc/sec, 3.6 mm Hg hydrogen). [Reprinted from Kolb (1957a).] 


the wave reflected off the end of the tube appearing at the top of the 
photograph. The successive shocks which follow the primary shock 
are due to the ringing of the electrical LC circuit. The slope of the lumin- 
ous front increases at first due to the magnetic acceleration and then 
decreases rapidly due to radiation and wall cooling. The slower rate of 
attenuation far up the tube is characteristic of a blast wave (Harris, 
1956) since the energy is deposited in a narrow (compared to the length 
of the tube) slab of gas near the electrodes in a time short compared to 
the transit time of the shock along the tube. A relaxation zone is observed 
behind the incident shock wave only near the end of the tube. 


3.3.2 Conical Pinch Tubes 


The hydromagnetic implosion of a plasma in a conical pinch tube 
(Fig. 10) has been used to produce a hydrodynamic flow through a 
hollow electrode (Scott et al., 1958; Josephson, 1958). Shock velocities 
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up to 12 to 14 cm/usec in 0.1 mm Hg deuterium have been reported 
by Scott and Wentzel (1959) and later by Josephson and Hales (1961) 
who made a parametric study of factors involved in the design of conical 


SHOCK TUBE 
SPARK GAP 


SHOCK TUBE | 


Fic. 10. Schematic of the conical shock tube with electrodes. The B, coils are used 
to study the propagation of a shock wave in a magnetic channel. [Photograph provided 
by F. R. Scott.] 


shock tubes. There is a pronounced dependence of the shock velocity 
on the angle of the cone. This is to be expected (Josephson, 1958) 
because the pinching occurs at the small end first and produces a plasma 
which heats the neigboring gas before it is pinched, which then requires 
a higher current for pinching. This produces an axial flow out the 
hollow electrode. Scott and Wentzel (1959) have improved the repro- 
ducibility and planarity of the shock front by reducing the asymmetry 
of the current distribution in the tube caused by the erratic breakdown 
from the solid electrode to a preferred position on the circumference of 
the hollow electrode. This was accomplished by breaking the return 
conductor into 8 spiral conductors (45°), which effectively smoothed out 
the potential distribution and improved the azimuthal symmetry. With 
this arrangement the shock velocities, for a given capacitor bank energy, 
were reduced by a factor of 2, but were much more reproducible. It was 
also found that a magnetic multipole propagated with the shock wave, 
presumably due to a spiral instability in the conical discharge. However, 
Scott and Wentzel (private communication from Scott) find that the 
observed magnetic multipole acts as a coupled piston driving the shock 
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for approximately 20 cm beyond the cone exit, thus extending the region 
of constant velocity but complicating any analysis of the shocked region 
(because of the magnetic field). To avoid this they added a coarse 
(1 cm sq) mesh normal to the axis which “filtered” the multipole. Then the 
subsequent velocity vs. axial distance corresponded to the blast wave 
approximation of Harris (1956). Josephson and Hales (1961) also report 
recently that they achieve the same effect as Scott and Wentzel, i.e., 
reproducible and uniform breakdown of the gas, without a decrease 
in shock velocity by use of a 20-turn coil wrapped around the conical 
tube and connected to the two electrodes. Prior to gas breakdown, the 
coil current produces a E, field which increases the path of the free 
electrons and the probability of an ionizing collision. Subsequent to 
breakdown, the current flows mainly through the gas because of its 
lower impedance. Since breakdown occurs very fast (<1 sec down to 
pressures of 25 microns D,), very little energy is wasted in the coil. 
One disadvantage of these tubes is that contaminants are introduced 
into the flow from electrode erosion. Josephson (1958) reports that the 
contamination can be reduced by coupling the energy inductively by 
placing coils around the tube (Fig. 11), but that the shock velocity is 
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Fic. 11. Schematic of electrodeless conical shock tube after Fig. 7 in Josephson 
(1958). 


CONDENSERS / 


~ 60 % of that in the electrode system, using the same energy source. 
However, later studies by Josephson (private communication) also 
indicate that when using Pyrex or quartz tubes the major impurities come 
from the tube walls rather than from the electrodes. It appears, therefore, 
that from the standpoint of degree of contamination, further quantitative 
work needs to be done to compare the relative merits of electrode systems 
and inductively coupled drivers for producing shock waves. Detailed 
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measurements of the temperature, electron density, and impurity 
concentrations have not been reported, so that a comparison with 
hydrodynamic theory cannot be made, or the degree of equilibration 
determined. One advantage of the conical tubes over the T-tubes with 
fast rising currents is that very little attenuation of the velocity occurs 
[see Fig. 2 of Scott and Wentzel (1959) and Fig. 4 of Josephson (1958)]. 
Whether or not this means that there is a steady electron density and 
temperature behind the front is not yet known, especially when there 
are stray magnetic fields. This is also the case with T-tubes operated 
at higher pressures (10-50 mm Hg) with low-voltage (~ 5 kv) and low- 
frequency (~ 100 kc) circuits for magnetic driving (Elton, 1961). 


3.3.3. Magnetic Annular Shock Tubes 


High-speed shock waves with velocities of ~4 x 10’ cm/sec at 
initial hydrogen pressures of 0.03 mm Hg have been reported (Patrick, 
1959) and described theoretically (Kemp and Petschek, 1959). In these 
shock tubes the gas is confined in an annular region between two 
coaxial cylinders whose radii are large compared to their annular 
spacing (Fig. 12). An essentially constant magnetic field is first established 





Fic. 12. Annular shock tube for generating high-velocity plasmas for studies of the 
shock front. Photograph provided by R. M. Patrick, Avco-Everett Research Laboratory. 


along the annulus. This aids in the breakdown of the preionized gas 
when a capacitor bank is discharged across electrodes placed on the 
cylinder at one end, which causes the plasma to spin with a high velocity. 
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The preionization is carried out with a low current (~ 10 amp) high- 
frequency (~ 1 Mc) discharge across the electrodes. 

After the discharge of the main capacitor bank, the plasma is acceler- 
ated along the tube by the axial force produced by the interaction of the 
radial currents with B, fields produced by these currents. 

The axial bias field also serves to inhibit the radial motion of the 
shocked gas and reduces the heat conduction to the walls. Furthermore, 
two concentric cylinders of brass around the annulus prevent the bias 
field from leaking out during the passage of the shock wave so that it 
serves to contain the heated plasma. This tube has the advantage that 
there is a stable acceleration over several microseconds, resulting in 
substantial flow speeds (here, up to 20 cm/sec). To increase the velocity 
to 40 cm/sec, an azimuthal bias field (in a plane parallel to the shock 
front) was necessary. These high speeds were observed only if the ion 
cyclotron radius of heated ions was small compared to the annulus 
spacing. 

The object of these experiments was to study the structure of a shock 
front when the plasma energy density is comparable to the magnetic 
energy density, the ion mean free path is large compared to the ion 
cyclotron radius, and the ion cyclotron radius is small compared to the 
width of the annulus. The experiments were designed to determine the 
fundamental question of whether or not in a magnetic field a shock wave 
could be produced whose thickness was less than the collisional mean 
free path. The shock thickness was measured from the observation of 
the hydrogen continuum [only free-free transitions were taken into 
account in comparing the theory (§7.2) with experiment], i.e., the 
shock velocity and rise time of the radiation defined the shock thickness. 
This thickness was observed to be less than the mean free path for tem- 
peratures calculated from the shock velocity in the initial pressure range 
~ 30-60. At 30u, the thickness was about 0.5 the mean free path and 
0.1 that calculated according to Mott-Smith (1951). There still seems to 
be some question about these conclusions since the mean free path is 
determined from the observed radiation which is a function of the 
electron density and temperature. Temperatures of 2.5 x 10° to 10®°K 
are calculated from the measured velocities; but whether or not the 
electrons reach the ion temperature for high velocities and low densities 
is open to doubt (see the discussion in § 4.6). 

This is a critical question since the calculated mean free path is 
Proportional to T?. A factor of 2 or 3 error in the electron temperature 
would reduce the electron mean free path to near the observed values. 
The decision about the relevant dissipative mechanism must await 
additional measurements which corroborate the calculated temperatures 
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and confirm the continuum analysis which depends on Ne and Te. 

At pressures above 80, the calculated shock thickness (Mott-Smith, 
1951) is about one-third the measured value and the experimental 
points have a scatter of about a factor of 1.5 to 2. At the higher pressures 
and slower shock speeds there could be precursor radiation (see § 5.3) 
which pre-excites and ionizes the hydrogen. This has already been 
observed in T-tubes (Wiese et al., 1961) where the resulting temperature 
in hydrogen is higher than calculated from the usual hydrodynamic 
considerations. If this were the case, the calculated mean free path 
could well be too small by a factor up to 4. 

Clearly, the whole subject of factors which govern the structure of 
shock fronts is still in a controversial stage, and further discussions of the 
difficulties follow in other contexts. 


4 High-Energy Cylindrical Shock Waves 


4.1 Spectra, PROBLEMS IN SHOCK HEATING OF 
HIGH - ENERGY PLasMAS 


In the preceding sections we have been mainly concerned with the 
physical properties of equilibrium plasmas and with some experimental 
techniques for their generation and diagnostics. However, for tempera- 
tures above 50,000° to 100,000° K the situation becomes much more 
complicated, especially for rarefied plasmas where the collision frequen- 
cies are low. This is so because at high temperatures the energy losses 
due to radiation and heat conduction can proceed at a rate which may 
preclude the possibility of establishing an equilibrated plasma by shock 
waves. One also has the troublesome difficulty connected with the libera- 
tion of impurities at the walls, so that the composition of the plasma is, 
in general, not known precisely. Furthermore, depending on the density 
and kinetic temperature, the relaxation time for translational equilibrium 
can be quite long so that the ions and electrons may have different 
“temperatures.” 

In order to study high-energy shock waves experimentally, it is 
desirable to isolate the plasma from surrounding walls. One possible 
method for accomplishing this with one-dimensional shock waves is to 
surround the expansion chamber of a T-tube (Fig. 13) with coils to 
produce an axial magnetic field to compress the plasma (Kolb, 1957c, 
1959b, 1960a). 

A shock wave is generated in the T-tube and the magnetic field is 
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turned on after the shock enters the coil array. The resultant magnetic 
pressure drives the plasma radially inward so that the shock-heated 
plasma propagates in a magnetic channel. With axial fields of 15,000 





Fic. 13. T-tube and parallel single-turn coils for generating a pulsed axial magnetic 
field to tsolate the plasma from the tube walls. [Reprinted from Kolb (1960a).] 


gauss, kinetic temperatures of ~7 x 10°°K were calculated from 
measured shock velocities. However, this technique has the disadvantage 
that the shock front becomes curved [similar experiments and observa- 
tions have been carried out by Scott et al. (1958) using a conical pinch 
tube to produce the initial shock wave], and the timing of the axial field 
relative to the switching of the T-tube discharge is critical because of the 
high velocities (8-20 cm/sec in deuterium). The main difficulty is that, 
€ven with reproducibility and complete isolation from the walls, the 
flow field behind the “one-dimensional” shock is really three-dimen- 
Sional because the radial diffusion of the magnetic field and radial 
Compression behave differently along the axis of the tube because of 
axial temperature and density gradients. 
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4.2 MacGnetic ACCELERATION OF CYLINDRICAL SHOCK Wavest 


A basically simpler method for studying high-energy (the word 
temperature needs qualification in this context) shock-heated plasmas 
is to implode a preionized gas by means of a rapidly rising external 
magnetic field in a cylindrical geometry. This results in an essentially 
two-dimensional flow field and the implosion phenomena can be made 
reproducible from shot to shot (Hintz, 1961), as determined by magnetic 
probe measurements. 

Very little is known experimentally about shock waves with kinetic 
temperatures in excess of 100,000° K so that the ensuing discussion 
is more or less speculative and is intended as a prognosis of possible 
future developments. High-energy plasmas are of interest in many 
areas of astrophysics, e.g., the solar corona, and controlled fusion 
research, and afford a distinct possibility for the eventual determination 
of excitation and ionization cross sections of highly ionized species, e.g., 
O VIII, Ne X have already been observed (Stratton et al., 1960). This 
prospect is perhaps the most germane to the subject of this volume, 
but with careful experiments one can also check on the validity of the 
ordinary magnetohydrodynamic equations, the corona-formula, relaxa- 
tion theories, the factors which influence the structure of the shock 
front, precursor radiation from a plasma where electrode radiation is 
not present, etc. 

Schemes for using fast shock waves as a preheater for the eventual 
generation of plasma energies greater than 1 kev by subsequent (adia- 
batic) magnetic compression require a detailed knowledge of the initial 
implosion (shock) phase so that the initial conditions are known at the 
beginning of the slower compression. The state of the plasma produced 
in this fashion is now the subject of much controversial discussion (see 
for example, Kolb, 1960b; Green, 1960; Griem et al., 1959a; Boyer 
et al., 1960). 

In spite of all the difficulties it is possible to estimate the implosion 
times and velocities with some accuracy using the simple ‘‘snowplow” 
model of Rosenbluth and Garwin (1954) which was first applied to the 
pinch effect (, current and H, field) and later (Kolb, 1959a, 1960b) to 
the solenoid configuration (J, current and H, field). Because the latter 
field configuration seems to have the greater stability, we will confine 
our attention to it. The first experiments of this type were performed 


t Attention is brought to several papers on this topic presented recently at the 
Fifth International Conference on Ionization Phenomena in Gases, Munich (1961) and the 
International Conference on Plasma Physics and Controlled Nuclear Fusion Research, 
Salzburg (1961) Fusion F. (in press). 
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by Colgate (1957) in the “collapse”? experiment whose object was 
to produce energies so high that interparticle collisions were 
not important. At about the same time, experiments with a similar 
object were begun at AVCO (Janes and Patrick, 1958) (see also § 3.3.3). 
Other experiments are continuing at Los Alamos (Boyer et al., 1960; 
Jahoda et al., 1960; Nagle et al., 1960), U.S. Naval Research Laboratory 
(Kolb et al., 1960; Griem et al., 1961b), A.W.R.E., England (Green, 
1960), Jiilich, Germany (Fay et al., 1960), and Sukhumi, U.S.S.R. 
(Kvartskava et al., 1960), to name but a few. 


4.3 THe SNowPLow MopeEL 


The snowplow model (Rosenbluth and Garwin, 1954) is instructive 
because it provides scaling laws for the design of experiments. The basic 
assumption is that the initial ionization is sufficiently high so that 
induced currents flow in the plasma so as to exclude the externally 
applied magnetic field (infinite conductivity model). It is also assumed 
that all the gas is swept up by the magnetic “piston” in a thin shell 
whose inertial forces are balanced by the magnetic forces 


P| = - 20 Rp et (10) 
where M, = 7p[R¢ — RZ] is the mass per unit length swept up at 
the time ¢ when the plasma, whose initial density is p, has a radius R,. 
Ry is the initial radius, and H, = (47/c)J,/1 is the field strength for a 
coil of length 7 with a current J,. On introducing the dimensionless 


radius y = R,/Ry, we have 


d 2 YW) _ An I5 
Aa es = — ORE 8B (Mt) 


The gas (or coil) current I, can be found from 
V = — (LI) 12 
dt ( ( ) 


where V is the instantaneous voltage around the plasma column, and L 
is the inductance connected with the volume 7(R§ — R?)/ 


L =" (3 — RB), (13) 
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so that 
cl 1 en 
= ee |, MO 


cl 


= FR asa, V(t’) dt’. (14) 


The voltage V(z) is found from the circuit equation 


dl, 


V(t) = V0) — Le? 


t 
-Gfih dt’ (15) 


where Le is the external inductance and V(0) the charging voltage. It is 
assumed that the capacitance is sufficiently high so that the charging 
voltage does not drop appreciably during the implosion; then one can 
neglect the term fj J, dt’/C. This is generally valid for large capacitor 
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EXTERNAL INDUCTANCE / COIL INDUCTANCE 


Fic. 14. “Snowplow” calculation of the shock velocity (dRp/dt) in terms of a dimen- 
sionless velocity (dy/dT) when Rp is one-tenth the initial radius Ry. The implosion 
time ¢t, in terms of a dimensionless time T, is also shown. The dependence of these 
quantities on the external inductance and the coil inductance is shown for the magnetic 
compression geometry. [Fig. 15 of Kolb (1960b).] Here T corresponds to 7 in the 
text. 
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banks where the implosion time is short compared to the quarter 
period. 
Combination of these equations gives finally 
72 


I: (I ¥) A= —y Se [l — y? + Leo] 





(16) 
where we have introduced Leo = Le/L, the ratio of the external induct- 


104 





F IG. 15. Radius and velocity of the imploding plasma vs. time (dimensionless 
Variables as discussed in text). [Reprinted from Kolb (1959a), Fig. 19.] The curves are 
drawn for different values of the parameter Leo = Le/Lo. 
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ance to the inductance associated with the initial volume 7R@/ and the 
characteristic time 





= eT" EQ" an 


where M = mp*IR; is the mass of the gas initially present. 

Expressed in this way, it is seen that the implosion time and velocity 
scale with M1/4 and V(0)/*, so that the energy imparted to the plasma 
is proportional to the charging voltage for a given tube diameter. Numer- 
ical solutions for the radius and velocity of the imploding plasma versus 
time with Leo as a parameter and also for the velocity and implosion 
time T as a function of Leg when Rp is one-tenth the initial radius R, 
are shown in Figs. 14 and 15. For example, with Leo = 1, V(0) = 20 kv, 
and for an initial deuterium pressure of 0.1 mm Hg, one finds an implo- 
sion time of ~ 0.1 psec and a velocity of ~ 14 cm/usec, corresponding 
to ion energies of ~ 200 ev. 

It is evident from these rough considerations that voltages of several 
hundred kilovolts would be required (for the above conditions) to 
reach plasma energies in excess of | kev by shock waves alone. One can, 
of course, think of lowering the initial density so as to reach final velo- 
cities in deuterium in excess of 30 cm/usec (1 kev), but the problems 
connected with forming a thin current sheath in an initially fully ionized, 
low-density plasma have not received enough attention experimentally 
to evaluate the possibilities. The highest radial velocity reported to date 
is 15 cm/ysec in deuterium with V(0) = 80 kv, Leo = 1, R(O) = 2.5 cm 
and Py = 0.08 mm Hg (Elmore et al., 1959). 


4.4 FurTHER MAGNETOHYDRODYNAMIC CALCULATIONSt 


The snowplow model gives no information concerning ion and electron 
temperatures, shock thickness, etc. In the first place, we have not 
included here the influence of trapped magnetic fields (they tend to 
increase the implosion time) generally present in most experiments. This 
trapped field may be provided deliberately by an auxiliary capacitor 
bank (Kolb et al., 1959) or appear as a residual field from the first half- 
cycle of the discharge which serves to preionize the gas, the shock waves 
appearing at the beginning of subsequent half-cycles. Niblett and 
Green (1959) have modified the simple snowplow calculations to take 


t Much of the discussion in § 4.4 to § 4.6 follows from private communication with 
K. Roberts and K. Hain. 
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into account the work done in compressing internally trapped fields, but 
they assume that the mass of the plasma remains constant during 
the implosion. This assumption has been removed by Kever (1961) 
recently. 

In spite of the rough agreement of the experimental velocities and 
implosion times with the preceding theory, much more elaborate 
calculations must be performed to study the influence of the initial 
temperature and degree of ionization on the shock wave, and to investi- 
gate the ohmic heating due to the dissipation of internal reverse fields or 
the penetration of external fields. The full magnetohydrodynamic 
equations for a cylindrically symmetric, fully ionized plasma, including 
electric and thermal conductivity have recently been coded for digital 
computers (Hain and Roberts, 1960; Hain et al., 1961). The electrons 
and ions are assigned separate temperatures, with the usual collisional 
relaxation terms included in the energy equation. Measurements by 
Képpendorfer of the internal magnetic fields with probes during a 
stabilized pinch collapse show general agreement to within ~ 10 % of 
the detailed numerical results, taking into account the difference between 
the electric conductivity perpendicular and parallel to the magnetic 
fields. In these calculations the electrons are assumed to be heated by 
Ohmic dissipation and the ions by the shock wave. Conservation laws 
at the front are satisfied by the von Neuman method of introducing an 
artificial viscosity in the momentum equation as discussed by Richtmeyer 
(1957). The initial good success of the comparison between the full 
nonlinear magnetohydrodynamic theory and the pinch experiments 
indicates that the theory has some validity under certain circumstances. 
Furthermore, since the radial distribution of the magnetic field depends 
on the radial distribution of the conductivity or electron temperature, the 
experiments tend to confirm the Spitzer conductivity formula (Cohen 
et al., 1950) as well as the theoretically predicted rate of heating. Also, 
the close agreement of the time dependence of the fields with the theory 
indicates that the mass density (or inertial term) is correct, although 
this does not test the MHD theory in a critical way since even the 
simple snowplow model is sufficiently accurate to account for the field 
variation in dynamic pinches. It should now be possible to make more 
detailed comparisons with the theory by spectroscopic observations of 
local densities and temperatures. 

Recently these calculations have been extended to the B, pinch with 
a reverse trapped field. The calculated implosion time, densities, and 
heating rate are confirmed by experiment and indicate that the field 
dissipation is determined by the Spitzer resistivity (Hain and Kolb, 1961; 
Griem et al., 1961b). 
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4.5 SHock STRUCTURE AND PRECURSOR RADIATION 


One of the biggest difficulties which remains in understanding the 
rapid collapse of a fully ionized plasma is connected with calculating 
the structure of the shock front and ionization processes in a more 
realistic manner. This problem is now being investigated by Roberts, 
Taylor, and Hain by introducing the plasma viscosity instead of the 
artificial von Neuman viscosity and by considering the ionization of 
residual neutrals by electron collisions and charge exchanging collisions 
between ions and neutrals. At this time, there is no clear understanding 
of the most important dissipative mechanisms which lead to the forma- 
tion of pressure, density, and temperature jumps at the shock front. 
But by introducing the various possibilities into the computer code one 
can hope for the eventual prediction of the results of more and more 
refined experiments. 

As discussed in § 5.2 and § 5.3, the ionization and excitation of neutrals 
by the propagation of precursor radiation ahead of the advancing shock 
front in an ordinary magnetic shock tube drastically influences the 
energy balance, temperatures and densities. It might be expected that 
for a cylindrical shock propagating in partially ionized, preheated 
hydrogen or deuterium (no molecules) precursor radiation will not 
play an important role because of the short mean free path for the atomic 
resonance lines. However, for very high flow speeds there will be a 
Doppler shift which shifts the maximum of the emission line away from 
the absorption maximum, and this tends to increase the mean free path 
so that volume pre-excitation might be possible. 


4.6 ION AND ELECTRON HEATING 


One might also ask whether or not the shock wave only heats the 
ions or whether one should take into account the space charge electric 
fields that are set up by ambipolar diffusion near the front. These fields 
are in such a direction as to decelerate ions and accelerate electrons as 
they pass through the advancing front. The problem is complicated 
still further if the shock front propagates into a magnetic field which 
leads to complicated trajectories for the charged particles, perhaps 
exciting plasma waves (Fishman et al., 1960). An experimental approach 
is first to perform experiments at high plasma densities where the gas 
pressure is isotropic, the equation of state is known, and collisional 
dissipation dominates insofar as the shock structure is concerned. If 
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there is any agreement with theoretical predictions for the structure in 
this regime, the density could be decreased and the velocities increased 
so as to reduce the importance of collisions, and then one could look for 
deviations from the magnetohydrodynamic predictions. 

In most experimental situations one does not deal with an initial 
condition where the gas is fully ionized. There are always some impuri- 
ties present and in general the preheating phases (by rf, low-energy 
capacitor discharges, etc.) yield a partially ionized gas. In this case, 
ionization by charge exchanging collisions can be as important as 
ionization by electron impact (Schliiter and Biermann, 1950, 1958; 
Cowling, 1956). The charge exchange mechanism provides a kind of 
high-energy neutral injection through the front and leads to a direct 
heating of the ion component of the plasma. As the shock wave passes 
with a high velocity over neutral gas ahead of the front, ions produced 
by charge exchange are reflected off the advancing sheath and gain 
momentum from the field, i.e., the injected fast neutral, which becomes 
a fast ion, is turned by the transverse magnetic field within a Larmor 
radius and is carried along with the imploding plasma. The energy 
gained directly is of the order of the flow energy. If it should turn out 
that the decelerating electric fields due to charge separation at the shock 
front are important and reduce the ion temperature, then it could be the 
case that higher ion temperatures will be produced as a result of the 
charge exchange mechanism for a shock wave moving into a partially 
ionized gas. 

It is also important to have an estimate of the thickness of a shock 
front moving into a magnetic field because the current density, which 
governs the electron heating near the front, depends on the thickness. 
The relative importance of various heating mechanisms in a strong 
shock moving into a high magnetic field is completely open to question, 
even at high densities because of the short times involved in most 
experimental situations (Hain and Kolb, 1961). 


4.7 RapiaTION CooLING 


Another area that has been little investigated are the plasma effects 
Caused by radiation cooling. At temperatures of 20 to 100 ev, rough 
estimates (Knorr, 1958; Post, 1960) of the radiation losses from a 
hydrogen plasma containing a few per cent impurities show that the 
electrons could radiaté their internal energy in a few tenths of a micro- 
second. This radiation can be used to estimate local electron temperatures 
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and impurity concentrations, but from the point of view of generating 
20 to 100-ev shock waves in low z gases, it is clear that the high z impurity 
levels should be kept low. Possible exceptions are cases where the 
density is initially very low and the plasma is accelerated to a high 
velocity in a time short compared to the relaxation time for multiple 
ionization and significant radiation loss. 

The radiation effects may be calculated by coupling rate equations 
for the ionization of various species to the equation of state and magneto- 
hydrodynamic equations, using the appropriate cross sections for 
ionization by electron collisions, radiative recombination (as in the 
corona formula) and three-body recombination (leading to Saha equili- 
brium at high densities). Eventually, one would hope to measure some 
of these cross sections involving highly ionized species from observations 
of the time history of the plasma radiation. 

In spite of the rather long and incomplete list of unknowns, there 
seems to be little doubt that shock waves can be used with varying 
degrees of success to learn more about nonequilibrium plasma physics, 
the validity of magnetohydrodynamic theory, and radiation from ionized 
gases at temperatures above 100,000° K. 


5 Establishment of Equilibrium Plasmas 


If the plasma produced by a shock wave is in local thermal equilibrium, 
i.e., if its state (the relative population numbers of bound and free 
particle states) is uniquely described by temperature and chemical 
composition, it becomes a valuable source for the measurement of 
oscillator strengths and damping constants. LTE can be achieved even 
if there is no radiative equilibrium (i.e., the radiation field is not necess- 
arily that of a blackbody which would render the plasma useless for the 
determination of oscillator strengths and damping constants), provided 
the various collisional processes are much more frequent than their 
radiative counterparts would be for the case where there is radiative 
equilibrium. (For a more detailed discussion see Finkelnburg and 
Maecker, 1956.) In some cases of purely hydrodynamic interest 
one may have only local kinetic equilibrium between the translational 
degrees of freedom. This is sufficient for calculating flow velocities, 
pressures, etc., in low-temperature experiments where the degree of 
ionization and dissociation is small; i.e., one may have local kinetic 
equilibrium without LTE, but not conversely. 
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5.1 IoNIzZATION By SHOCK WAVES 


Because of their high velocities, electrons are most effective in esta- 
blishing collisional equilibrium, especially for ionization and excitation. 
To attain LTE, it is therefore necessary that the shock rapidly produces a 
sufficient electron population, which can then relax into a Maxwellian 
distribution, equilibrate with the ion distribution, and ionize, excite, 
recombine, or de-excite. If a shock wave propagates into a nonionized 
gas, it is not at all obvious that the production of electrons will be 
sufficiently fast (Petschek and Byron, 1957; Alpher and White, 1959b). 
Atom-atom collisions of the principal gases involved are usually ineffect- 
ive in providing an initial critical ionization which would suffice to make 
ionization by electron impact as fast as the measured ionization rates 
indicate.t Several mechanisms have been invoked to explain the initial 
ionization rates: ionization of impurity atoms with low ionization 
potentials by atom-atom impacts (Bond, 1957); production of photo- 
electrons by precursor radiation (Gloersen, 1959); excitation of atoms in 
the ambient gas by precursor radiation and subsequent impact ionization 
from the excited states; two-step collisional processes (Weymann, 1958; 
Weymann and Troy, 1961); gas ionization by energetic precursor 
electrons (Weymann, 1960); and production of electrons by the photo- 
effect on the shock tube walls (Hollyer, 1957; Gloersen, 1960); or 
from light emitted by the shock-heated gas due to the formation of 
electronically excited molecules (Roth and Gloersen, 1958; Gloersen, 
1960). There does not seem to be a simple way to decide which of these 
processes dominates (see also § 5.3) or if perhaps some other mechanism 
is more effective. However, in case of the T-tube it is most likely that 
rapid ionization is made possible by excitation of the ambient gas by 
uv radiation from the initial discharge (McLean et al., 1960; Wiese et 
al., 1960, 1961). 


5.2 RoLe oF PRECURSOR RADIATION IN EQUILIBRATION 


Significant pre-excitation had been postulated to explain the apparent 
discrepancy between temperatures and densities calculated from 
Rankine-Hugoniot relations (assuming an ambient gas unperturbed 


tIn a recent discussion at the Lebedev Institute (Moscow), N. N. Sobolev and F. S. 
Faizulov pointed out that there are indications from shock tube studies that excitation 
by atom-atom collisions, followed by ionizing collisions, may be important in some cases. 
For example, the excitation of a 2.7-ev level of Ba II by argon (in a 0.2-ev gas) indicates 
a cross section of 10-17 cm=%. 
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by the discharge and using the measured shock velocities) and those. 
measured spectroscopically. It was found in helium (McLean et al., 
1960) that practically all atoms in the ambient gas would have to be 
excited, and in hydrogen (Wiese e¢ al., 1960) that most molecules would 
have to be dissociated and the atoms excited to resolve the discrepancy. 
It should be noted that this effect is not expected to be noticeable at 
high initial pressures (above ~ 10 mm Hg), because then the mean 
free path of the uv radiation becomes too small (as in Elton’s experiments, 
§ 2). 

If this hypothesis is adopted, one can understand how LTE can be 
established behind shock fronts in times that are short compared with 
the times characterizing the decay of the shock-heated plasma in a 
T-tube. First of all, the gas-kinetic cross sections of excited atoms are so 
large that kinetic equilibrium between them is reached in a negligible 
time. But because of the small ionization potentials of these excited 
atoms, also ionization by atom-atom collisions will now be extremely 
fast. The electrons rapidly assume a Maxwellian distribution (typically 
in times of 10-!° to 10-18 sec) which will then relax with the atom-ion 
distribution in a time of the order of the electron-ion scattering time. 
All these processes are usually faster than those necessary to establish 
an equilibrium population of the various bound states of atoms and ions 
by electron impact or three-body recombination. Even the latter times 
were found to be of the order of 0.1 usec as measured from the rise 
times of spectral lines. (Wiese et al., 1961. In this reference a more 
quantitative analysis of the relevant relaxation processes was attempted.) 

For conventional shock tubes, Petschek and Byron (1957) considered 
the effect of photoionization to explain the initial build-up of the 
ionization (to ~ 10 % of the final electron density) and its influence 
on the relaxation times behind argon shocks. At higher densities the 
ionization rates could be accounted for theoretically by considering 
electron impacts. Because of the very small absorption coefficients for 
the continuous bremsstrahlung and recombination radiation emitted from 
the shock-heated gas, they conclude that this is not an important factor. 
They then estimated the amount of radiation emitted by the resonance 
lines and found that it was small compared to the continuum radiation 
and concluded on this basis that it may also be neglected and that 
impurities must therefore be responsible for the observed short relaxation 
times. However, it should be recognized that the absorption coefficient for 
the resonance lines of the neutral atoms behind the front is much greater 
than that for the continuous radiation. Because of this, the reabsorption 
of the neutral resonance lines in a thin zone (a millimeter or less, in 
general) ahead of the advancing front of ionized gas is capable of raising 
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a fraction of the neutral gas immediately ahead of the front to excited 
states, for which the probability for subsequent ionization by collisions 
is several orders of magnitude larger than for atoms in the ground state. 
In this case, one would not expect that the temperature and density 
behind the shock front would be very much different from that predicted 
by the conventional shock equations because the radiative transport 
by classical diffusion is some 3 or 4 orders of magnitude slower than the 
shock velocity. Hence, it cannot result in volume preheating, as seems 
to be the case for low-density (P) < 10mm Hg) electromagnetic 
shock tubes where there is apparently a significant amount of arc 
radiation. 

One might think that radiation on the line wings of the neutral 
resonance line could cause volume preheating. The width of this line 
on both sides of the shock front is essentially determined by Doppler 
broadening, i.e., changes by a factor of the order 10. The mean free 
path of radiation in the ambient gas is ~ 10-° cm at the line center and 
reaches 10 cm at a distance of about 3 Doppler widths. Atoms having 
the corresponding velocities are immediately excited. But at densities 
below ~ 10!” neutrals/cm’, collisions will, in general, not be suffi- 
ciently frequent to replenish the population of ground state atoms in 
this velocity group, i.e., at large distances only a minute fraction of the 
atoms in the ambient gas will be raised into the second quantum state 
by this process. 

These conjectures concerning the relaxation processes in conven- 
tional shock tubes are not yet supported by detailed numerical calcula- 
tions and it is only suggested that the whole question of ionization 
relaxation seems to deserve re-examination, especially in clean baked 
tubes with high purity gases (see also Gloersen, 1960). 


5.3. INFLUENCE OF PRECURSOR RADIATION ON 
EQUILIBRIUM CONDITIONS 


The existence of precursor signals ahead of a shock wave is already 
indicated by electrostatic probe measurements made earlier by Hollyer 
(1957), Weymann (1960) who also used magnetic probes, and Gloersen 
(1959, 1960). These workers observed measurable electron densities 
well ahead of shock waves produced in conventional shock tubes. 
Gloersen has also studied experimentally the correlation between the 
Onset of the electrostatic probe signal and the time at which luminosity 
appears behind a shock front in xenon. He attributes the precursor 
Signals to the ejection of photoelectrons from the walls of the shock 
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tube as a result of the presence of ultraviolet radiation. Weymann 
(1960) considers electron diffusion to be the main source of precursor 
electrons ahead of shock fronts in argon. 

Also, Shreffler and Christian (1954) have noticed the presence of 
optical radiation ahead of high-luminosity shocks in an explosively 
driven shock tube and Voorhees and Scott (1959) have seen optical 
radiation ahead of magnetically driven shock waves. Although the 
existence of precursor radiation is by now well established, it does not 
seem to have been generally recognized that this radiation can, in certain 
cases of practical interest, drastically affect the hydrodynamics and the 
energy balance (magnetic shock tubes) and relaxation times (conven- 
tional and magnetic shock tubes). Depending on the particular condi- 
tions, either electron diffusion or photoionization can be the main 
source of electrons ahead of a shock front. 

Some rough estimates of the radiative transfer in the resonance lines 
of ionized helium (McLean et al., 1960) can be given. (Similar estimates 
for hydrogen can be found in Wiese et al., 1960.) The emitted intensity 
will be that of a blackbody from the line cores out to points in the wings 
where the mean free path for radiation is of the order of the depth of 
the emitting region. The wing broadening is dominated by the Stark 
effect (Doppler broadening is negligible) caused by the fields produced 
by ions and electrons in the plasma. 

The absorption coefficient is 


a, = 7 2 N+ fn Sy(a)/me?Fy (18) 


with Fy = 2.61 eN2® and the reduced wavelength a = 4A/Fy, where 
AA is measured from the position of the unbroadened line. The equi- 
valent width corresponds to twice that value of a for which a, l ~ 4, 
where / (a few centimeters for a T-tube) is the depth of the emitting 
layer. For the hydrogenlike He II lines one has (using appropriate 
scaling laws described further in Griem, 1960), 


S,(a«) © 3 x 10-39 (%) 1 + 108 ()° (aF,)| 3/2 (19) 


for a line with an upper state of principal quantum number n. This 
leads to an equivalent width Av, ~ 1014 (n/2) sec—! for typical T-tube 
conditions, ie., Te~4ev, Ne ~ 1017 cm-3, f,, ~ 0.4 (2/n)? and a 
corresponding photon flux 


F=>N,, 4, ~a> 2m v2 exp ( a 


wD 10% Fem sec? — (with vy, = 1.2 x 10! sec~). (20) 
n 





) (4»,) 
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The sum has to be extended up to mmax, where the maximum of the 
absorption coefficient is smaller than /-1. This occurs when a = 10-" n 
corresponding to half the equivalent width (4v,/2) approaches the half- 
width of the absorption coefficient a4/;, ~ 10-1 5 for large n, which 
yields mmax ~ 12 and a total photon flux F ~ 3 x 10”? cm? sec"! for 
an emitting region with an extent ] ~ 3 cm, for example. 

The mean free path Jpn of the He II line radiation in the predomi- 
nantly neutral gas ahead of the front by continuous photoelectric 
absorption is calculated to be about 10 cm for a neutral helium pressure of 
1 mm Hg. This is also of the order of shock tube dimensions for most of 
the reported work. At higher pressures one does not expect this radiation to 
have an appreciable influence on the enthalpy of the gas ahead of the shock 
front, e.g., as in the experiments of Elton (§ 2) for Py) ~ 10-50 mm Hg 
where the usual Rankine-Hugoniot relations seem to apply. 

From the foregoing estimates one can also estimate the ionization 
rate in the cold neutral gas ahead of the advancing front, 





me — Flpn. (21) 


However, depending on the distance from the source of the resonance 
radiation, a large fraction of the photons will hit the walls and not be 
effective for photoionization. Taking these effects into account, for a 
shock tube 3 cm in diameter one calculates that (a) if the precursor 
radiation originates in the plasma immediately behind the shock front 
(Te ~ 4 ev, Ne ~ 1017 cm-) that only 1-10 % of the gas 6 cm from 
the arc will be photoionized, and (b) for an arc temperature of ~ 8 ev 
and again Ne ~ 10/7 cm-%, that the arc radiation can ionize all the 
neutral atoms once in about | usec during the initial discharge. 

On the basis of these rough considerations, it appears that mainly 
arc radiation is responsible for any radiation preheating of the gas ahead 
of the shock front. This has been verified recently in T-tube experiments 
(McLean e¢ al., 1961) and is also borne out by preliminary experiments 
at Harwell (Allen and Martin, 1960) and Aldermaston (Niblett e¢ al., 
1960) with magnetic shock tubes using an electrodeless, conical discharge 
(§ 3.3.2) where it is found that the precursor radiation can be photo- 
graphed in a variety of gases and seems to originate during the initial 
breakdown and implosion of the gas, when the light output and perhaps 
the temperature is the highest. In this case, microwave measurements 
indicate that precursor electron densities substantially greater than 
2 x 1013 cm-3 are reached ahead of the shock front since the 8 mm cutoff 
was observed. 

Again we emphasize that these effects are only poorly understood and 
the present remarks are intended only as some kind of guide to the kind 
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of effects one might expect with fast magnetically driven shock waves. 
Assuming now that such precursor radiation is an important effect, 
one asks what happens to the ejected photoelectrons. Their mean free 
path (Py ~ 1 mm Hg) is a few centimeters and they can, therefore, lose 
their energy by collisions with the walls in times of ~ 10-7 to 10-8 sec, 
depending on the tube diameter. But there does not seem to be a mecha- 
nism by which the ionization energy can be lost in times shorter than 
the observation times. Both radiative recombination and wall recom- 
bination following ambipolar diffusion are slower processes. 

Most likely, ions and electrons will recombine mainly by three- 
body interactions (Bates and Kingston, 1961; McWhirter, 1961; 
D’Angelo, 1961). Only in very rare cases is recombination into the 
ground state expected to occur because of the required large energy 
transfer to the third particle. The recombination, therefore, leads usually 
to an excited state. The excitation energy will then be trapped in the 
gas, since the corresponding lines are so narrow that it can only leak 
out by radiative diffusion. Thus, each primary ionization process will 
provide the cold gas with an energy close to the excitation or ionization 
energy of the atoms. Even if the ions and electrons recombine 
slowly, the additional energy would obviously stay in the gas. 

The shock equations must accordingly be modified to take into 
account the absorption of the resonance radiation, i.e., a term Hy ~ x° 
be added on the right-hand side of (3). For strong shocks, the density 
ratio will now be ~ 4 because little energy has to go into internal degrees 
of freedom, as long as second ionization is small. 

The experiments with magnetically driven shock waves in H, and 
He seem to be in accord with these calculations as can be seen from 
Fig. 2, where the pre-excitation was taken into account modifying the 
Rankine-Hugoniot equations. (The observed temperature was about a 
factor of 2 greater than one would calculate from the ordinary shock 
equations, and the density is about a factor of 3 smaller.) Extensive 
observations with magnetic probes seem to rule out the suggestion that 
stray electric currents are responsible for the effects. 

To summarize, for magnetic shock tubes, at the present time it 
appears that insofar as precursor radiation has any influence on the 
determination of atomic properties from radiation from an equilibrated, 
shock-heated plasma, the main influence is to promote rapid equilibra- 
tion behind the shock front and to result in considerably higher excita- 
tion temperatures (and degree of ionization) for a given shock velocity 
than would be normally expected. This is extremely important because 
otherwise the relaxation times would be much longer than the flow 
duration and times for boundary layer growth and wall cooling. 
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6 Experimental Verification of the Rankine-Hugoniot 
Relations in Conventional Shock Tubes 


6.1 DENSITY AND PRESSURE MEASUREMENTSt 


Following the relaxation time for LTE, there is now good evidence 
that the state of the shock heated gas in a conventional shock tube can be 
described with good accuracy by the R-H equations. This seems to be 
the case over a rather wide range of conditions (~ 2000°-20,000° K and 
0.5-10 atm) behind the reflected shock wave. In the Michigan work 
with neon, as well as in studies by Alyamovskii and Kitaeva (1960) 
using argon, it is shown that with an added trace of hydrogen as an 
impurity, the Balmer lines are strongly broadened by the Stark effect 
and have a steady intensity and shape for about 50 to 100 usec behind 
the reflected shock [see also Fig. 37 of Turner (1956)]. This implies 
that the electron density and temperature do not vary appreciably 
during this time, and that one might expect LTE to be established if 
collisional processes dominate radiative processes. This is borne out by 
recent measurements of the electron density from the half-width of H, 
(Alyamovskii and Kitaeva, 1960; Doherty, 1961) and the total pressure 
(Laporte and Wilkerson, 1960) in neon at ~ 10,000° K. In the case of 
the neon experiments, the temperature was too low for ionization to have 
any influence on the hydrodynamics (the degree of ionization is <0.5%). 
Low fractional ionization of the neon prevents the emission of strong 
recombination radiation and thereby facilitates the measurement of 
spectral line shapes and intensities, as well as reducing the energy loss 
due to radiation cooling (Petschek et al., 1955; Gloersen, 1960). How- 
ever, the ionization can be an important factor in the hydrodynamic 
equations and must be included (Resler e¢ al., 1952; Turner, 1956). 

Since the plasma remains in a steady state, the total pressure can be 
measured with a quartz piezoelectric transducer having a ringing period 
of about 7 usec and mounted so that its active face is flush with the inside 
wall of the flow channel. For a range of initial pressures between 7 and 
30 mm Hg, corresponding to a pressure ratio across the primary shock 
of 50 to 60, it was found in the Michigan investigations that the pressures 
behind the primary and reflected shocks predicted by the ideal theory 
agreed with the measured pressure to within the experimental accuracy 


; t Much of this section is taken from Laporte and Wilkerson (1960) and from discus- 
Sions with Laporte, Doherty, and Wilkerson. 
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of + 5%. The pressure remains constant for about 50 usec behind 
the primary shock and then begins to fall near the interface. The flow 
velocity behind the primary and reflected shock waves can also be mea- 
sured by observing the luminosity due to cesium (cesium nitrate placed 
on a fine thread in the flow channel) emission. From these flow velocities 
as well as the reflected shock velocity, one can again compute the pressure 
ratio across the reflected wave and compare with the transducer 
measurements. Further, one can compute temperatures and the density 
ratio across the shock. This procedure assumes only a local validity of 
the shock conditions and does not depend on the uniformity of the 
flow fields, which might be influenced by the interaction of the boundary 
layer (Mark, 1957) and the reflected wave. Mass, momentum, and 
energy losses were considered by Doherty (1960, 1961) to describe the 
observed nonideal behavior. 

The agreement between the computed and measured pressure (Laporte 
and Wilkerson, 1960) was again within the experimental accuracy 
with a residual drift velocity toward the end of the tube that is 2 % 
of the primary shock velocity, indicating some degree of nonuniformity. 
The rare gas temperatures computed from the nonzero drift velocity, 
primary flow velocity, and reflected shock velocity are consistently 
in agreement with the ideal values (using only the primary shock velocity) 
within 1.5%. It appears, therefore, that deviations in the kinetic 
temperature due to nonideal effects are quite small for temperatures 
below 10,000° K. However, the use of conventional shock tubes for 
absolute f-number determinations, employing temperatures calculated 
from velocity measurements, can still lead to rather large errors because 
of the sensitive dependence of the Boltzmann factors on the temperature. 
Accordingly, small temperature corrections are sometimes necessary 
(see § 7.3). 

Errors in f-number determinations due to uncertainties in the temper- 
ature can be minimized by choosing a line with known f-number as an 
intensity standard whose upper level has an excitation potential close 
to the excitation potentials of the lines to be measured. If the difference 
of the excitation potentials is 4E, the relative error in the f-number will 
be 4E/kT times the relative error in the temperature, assuming 4E <kT. 
It is therefore advantageous to work at high temperatures, which is 
especially easy with electromagnetic shock tubes. 

One might argue that the agreement between the calculated and meas- 
ured pressure in the Michigan experiment could result from too low 4 
density and too high a temperature as in the case of the magnetic shock 
tube. However, the measurements of the electron density from Stark 
broadening of H, in the same temperature and pressure range seem to 
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rule this out. The electron density behind the primary shock in argon 
as computed from the Rankine-Hugoniot equations, including the effect 
of ionization (Saha equation), generally agreed with that inferred 
from linewidths to within ~ 20 % (Alyamovskii and Kitaeva, 1960). 
This error is consistent with the accuracy of the half-width determina- 
tion as well as errors due to neglecting electron broadening and the 
distortion of the ion fields due to Debye screening and Coulomb inter- 
actions (Baranger, Chapter 13). These latter errors are relatively small 
because the two effects tend to cancel one another (Griem et al., 1959b). 

Doherty’s (1961) calculations of the electron density behind the 
reflected shock using ideal theory (neon with 1 % hydrogen at 10,000 to 
13,000° K) showed the H, width to be too large by about 15 %. This 
implies that the electron pressure is larger than that calculated hydro- 
dynamically by ~ 25 %. However, since the degree of ionization is 
only ~ 0.5 % the total pressure is still in accord with the Rankine- 
Hugoniot relations within a few per cent. It appears that the slight 
deviations from the ideal shock tube theory, due to boundary layer 
effects, etc., which cause the residual gas flow toward the tube end, 
leads to an additional compression of the gas. An analysis (Doherty, 
1961) shows that this leads to a small increase in temperature of about 
4% at 12,000° K (but is negligible at 10,000° K) which accounts for the 
observed H, width and electron density (see also the discussion at the 
end of § 6.2). 

Another method for verifying the Rankine-Hugoniot equations and 
equilibrium assumption is to measure the electron concentration by 
optical interferometry. Alpher and White (1959a, b) have measured the 
refractive index of shock-ionized argon (behind the primary shock) 
with up to 20 % ionization and electron densities of the order 1018- 
10” cm-’. Since the specific refraction of neutral argon is known and the 
electron refractivity dominates the ion refractivity (Alpher and White, 
1959b), it is possible to deduce the electron contribution by measuring 
the total index at two wavelengths (the difference in the index of refrac- 
tion at two wavelengths is almost entirely due to the electrons because of 
their much greater dispersion). This method does not require the 
assumption of thermal equilibrium. 

For Mach numbers of 10 to 20 it is found that the density ratio 
across the front is nearly 4, the value expected if the energy appears 
only in translational energy of neutral argon. As the argon relaxes and 
the ionization builds up, the total density ratio increases by about 2, 
as expected for thermal equilibrium. For 10 experiments with electron 
densities between 10! and 10!” cm-%, the ratio of the observed to 
Computed electron density was 1.02 + 11 %. In the calculations the 
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influence of plasma microfields on the ionization was not included and it 
was stated that the good agreement between the predictions from con- 
ventional shock Hugoniots and the measurements suggests (Alpher and 
White, 1959b) that this effect is not important under the particular 
conditions of these experiments. However, these corrections are typically 
1-10 % in the electron densities (see, for example, Table I of McLean 
et al., 1960) so that better precision is needed for their observation. 

The interferometric measurements show that even though there is 
only a momentary state of equilibrium, followed by a nonuniform 
flow, that the degree of ionization increases so rapidly that radiation 
cooling is negligible and the Rankine-Hugoniot equations apply behind 
the primary shock, in agreement with the spectroscopic measurements 
of Alyamovskii and Kitaeva (1960). 

Rink et al. (1961) have also done some work on the measurement 
of densities behind shock waves by using an X-ray densitometer. 
They have compared the results with theoretical density profiles 
over a wide range of compositions and initial conditions and have 
made kinetic studies involving O,, O, and Xe which agree with 
previous results. It appears that this method will also be useful for 
observing the kinetics of other reactions. 


6.2 ‘TEMPERATURE MEASUREMENTS 


The line reversal method (§ 7.2, last paragraph) has been applied to 
measure temperatures behind shocks in air, oxygen, and nitrogen 
(Clouston et al., 1958). Around 2000° K this method is accurate within 
+ 30° C, and, in general, the measured temperatures agree in the equi- 
librium region with those obtained from hydrodynamic calculations. 
In air and oxygen the temperature near the interface with the hydrogen 
driver gas increases by as much as 400° C, probably because of burning. 
In oxygen, temperatures near the shock front tend to be too high, 
presumedly because of a delayed dissociation. In nitrogen, there is a 
steady rise in the temperature, which may be associated with vibrational 
relaxation. (The excitation of the sodium line used for the temperature 
measurement seems to follow the vibrational relaxation of the molecules.) 

The line reversal method can be extended to higher temperatures 
using double beams (Clouston et al., 1959). Near 2000° K the accuracy 
is now + 20°C and at 3600° K (using a carbon arc) + 100° C. The 
agreement with hydrodynamic theory is again satisfactory, only in 
argon the measured temperature is 140° C low, probably because of the 
small cross sectidn for excitation by argon atoms. 
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This slight disagreement seems to disappear at higher temperatures 
(6000°-9000° K) where rotational temperatures can be obtained from 
CN impurity radiation (Parkinson and Nicholls, 1960). The accuracy 
is here + 5%. 

Measurements of the temperature behind nitrogen, air, and argon 
shocks in the temperature range 2000°-5000° K have also been repor- 
ted recently (Faizullov et al., 1960a) using a generalized method of 
spectral line reversal (Sobolev et al., 1959; Faizullov et al., 1960b). First 
attempts to measure the temperature from intensities of nonresonance 
lines of sodium and lithium (at 4000° K) showed that it was not possible 
without introducing such large concentrations of salts that the thermo- 
dynamic properties were affected by the impurities. There were also 
difficulties due to distortion of the lines by self-absorption. These 
complications are avoided by the line reversal technique since strong, 
self-absorbed resonance lines can be used without introducing enough 
contaminant to disturb the thermodynamic properties. In fact, the reab- 
sorption only increases the accuracy of the measurements which are 
based on the observation of three quantities: (1) the radiation flux J; in 
the spectral line, (2) the flux J, from the source at a known temperature 
Ts, and (3) the flux Jjs at the position of the line when irradiated by the 
comparison source which emits a continuous spectrum [a tungsten lamp 
(Ts = 2660° K) and de xenon arc lamp (7s = 4750 + 50° K) were 
used]. The xenon lamp brightness was calibrated with a standard lamp 
in the usual way. If 7 is the effective absorption coefficient of a uniform 
source for the line in question and 6A is the effective line width, then 
neglecting the continuum at the line (corrections could be made) 


I = BT) (1 — e-*)8A 
I; = B,(Ts)Ds 
Nis = B,(Ts)Ds — B,(Ts) (1 — e-*)8A + B,(Tx) (1 — e-*)8A (22) 


where D is the linear dispersion and s the entrance slit width of the 
spectrograph, 7x the excitation temperature and B,(T) the Planck 
function. By knowing D, s, Ts, 4, and [igs one can solve for 7 and Tx, 
and it is not essential to observe the moment of reversal. 

For nitrogen and air, the measured temperature agrees to + 70°K 
(the maximum error of the measurement is + 100°K) with the calculated 
equilibrium values for pressures behind the shock front of the order 
0.1 atm and shock speeds from 2 to 4 mm/sec. The sodium Dand BalII 
4554 A lines were used. Special care to remove sodium from the glass 
windows was necessary to eliminate strong absorption in the boundary 
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layer. It was also found that the measured variations in the temperature 
behind the shock front agreed within the experimental errors with those 
calculated from the velocity and attenuation of the shock wave. Each 
volume element swept up by the shock wave is raised to a slightly 
different temperature, depending on the instantaneous velocity. These 
volume elements ‘remember’ the condition of their birth because the 
times are apparently too short for thermal conduction to smooth out the 
temperature variations (~ 10 %). 

Temperatures measured behind argon shocks were too low by 
1000°K for gas pressures of 0.5 atm and by 400°K at 4 atm. Only for 
pressures greater than 11 or 12 atm were the calculated kinetic and excita- 
tion temperatures the same within the experimental errors. This is a 
confirmation that for argon the effective cross section for collisions of 
the second kind with excited barium ions is approximately 2 orders of 
magnitude smaller than for nitrogen and air (Prigsheim, 1949; Gaydon, 
1954). Faizullov et al. (1960a) suggest that this seems to be a promising 
method for the measurement of cross sections of the second kind since the 
condition of the shock-heated gas can now be measured accurately.* This 
is also the case for the measurement of vibrational and dissociational 
relaxation times in the nonequilibrium zone as well as f-numbers in the 
equilibrium zone since the line reversal method is capable of ~ + 1.5 % 
temperature determinations. 

For temperatures and electron densities which are high enough to 
Stark broaden spectral lines (for which the shape functions must be 
known as a function of density) but not so high that the degree of 
ionization is appreciable, the line broadening affords a sensitive probe to 
correct slight deviations from calculated Rankine-Hugoniot temperatures 
in conventional shock tubes. 

This method has been used by Doherty (1961) to determine the 
temperature in neon with 1 % H (see also § 6.1 and § 7.3), where the 
degrees of neon and hydrogen ionization are ~ 0.5 and 50 %, respectiv- 
ely. By measuring the shock velocities, the kinetic temperature can be 
determined to within a few per cent from the Rankine-Hugoniot 
equations. The excitation and ionization temperature can then be cor- 
rected by comparing the calculated and measured width of H, and asking 
what increase in temperature is required to bring them into agreement. 
This method is very sensitive, because a small change in the temperature 
manifests itself in a large change in the electron pressure (or linewidth) 
but only a small change in the total pressure, i.e., this iteration procedure 
is accurate since the degree of ionization is so small that it has a negligible 


t See the footnote in § 5.1. 
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influence on the gross hydrodynamic behavior. In this way, Doherty 
(1961) has determined ionization temperatures to 100°K at 12,000°K 
in the Michigan shock tube and concludes that the slight deviations 
from the Rankine-Hugoniot predictions are due to wall effects which 
perturb the flow velocities and temperature. 

Charatis and Wilkerson (1959) describe an attempt to verify the excita- 
tion temperature (in the Michigan shock tube) obtained using the mea- 
sured set of relative f/-values for neutral chromium (Hill and King, 1951). 
They generated the lines of Cr I and Cr II at known abundance by 
using chromium carbonyl [Cr(CO),] as an additive vapor in the neon 
carrier gas. The CrI excitation temperature was determined essentially 
by dividing the observed relative line intensities by the relative f-values 
of Hill and King. In the shock tube experiment the Cr I temperature 
(e.g., 5400°K) was found to be considerably lower than the kinetic 
temperature (e.g., 9300°K) calculated from the Rankine-Hugoniot 
equations (including all dissociations, ionizations, etc.). Assuming this 
to bea real effect, Charatis and Wilkerson have since examined a number 
of possible causes and found them wanting. Principally, Doherty’s 
(1961) demonstration of LTE for hydrogen is felt to guarantee LTE for 
the chromium case, due to the greater ease of ionization, higher electron 
density, etc. Further, the ionization relaxation (mostly Cr I — Cr II) 
behind the reflected shock and the strong effects on the reflected shock 
speed predicted for the carbonyl additive were observed. Lastly, they 
fail to observe a strong continuum or diminishing line intensities indi- 
cative of radiation cooling. 

Proceeding on the assumption that the previously measured f-values 
are in error, Wilkerson (1961) has applied absolute intensity measure- 
ments to redetermine the CrI f-values. Charatis (1961) is using a 
line reversal technique and extending the intensity measurements to 
more lines, in order to find f-values for both Cr I and Cr II. The progress 
of these chromium experiments demonstrates, in particular, the serious 
need for reliable f-values (§ 7.3) and, in general, the close interdepend- 
ence between diagnostic methods and the knowledge of atomic constants. 

Another check on the validity of the shock theory is to measure the 
electrical conductivity of shock-heated gases where the degree of ioniza- 
tion is so high that electron-ion collisions dominate electron-neutral 
Collisions. Then the conductivity depends only on the temperature 
(Cohen et al., 1950). Lin et al. (1955) find for temperatures above 
8000 to 10,000°K in argon shocks that the measured conductivity 
compares with the theoretical value within 10 %. This constitutes a 
temperature measurement with about the same accuracy. It appears that 
greater precision for temperature determinations is available using 
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spectroscopic techniques, but it should be possible to combine the two 
methods so as to make an accurate comparison between the experimental 
and theoretical conductivity. This would be possible if the temperature 
were determined from an independent measurement. Such experiments 
are now in progress at the Moscow Power Institute. 

Also at lower temperatures, where electron-atom collisions are im- 
portant in the expression for the conductivity, there is again agreement 
between the shock theory and experiment. Since the conductivity here 
depends on both the temperature and the electron-atom elastic cross 
section, this gives some confirmation of the mobility measurements 
of Townsend and Bailey (1922a, b), assuming the equilibrium temper- 
ature. Similar experiments were carried out later with shock-heated air, 
which give information on elastic cross sections between electrons and 
the dissociation products (Lamb and Lin, 1957). 


6.3 CONCLUSIONS REGARDING THE APPLICABILITY OF THE 
RANKINE-HUGONIOT RELATIONS IN CONVENTIONAL SHOCK TUBES 


From various measurements one can conclude that in conventional 
shock tubes the mechanisms leading to the large departures from the 
ideal Rankine-Hugoniot predictions in magnetic shock tubes is not 
present. This is also consistent with calculations of the influence of 
precursor radiation on the equilibrium temperature and density (it 
could still influence the relaxation times), where it is found that such 
effects should be completely negligible. 

Although these various observations show good agreement with 
local conditions near the fronts of the primary and reflected shock 
waves, most workers point out that there are several symptoms of 
nonuniformity in the large. It is generally found that the gas columns 
behind the primary and reflected shocks are significantly shorter than 
expeeted, that the time-dependent primary flow velocities are too high, 
while the reflected shock velocities are generally too low (by ~ 8 % in 
the Michigan experiments with neon). In addition, these effects are 
influenced by the initial pressure and the tube dimensions (Gloersen, 
1960) and, their importance must be evaluated in each case. The conse- 
quence is that one needs moderately good time resolution so that obser- 
vations are made only during the limited time of the steady-state plateau 
behind the primary and reflected waves. 

For temperatures near 20,000°K, high explosive drivers can be used, 
but careful measurements of the temperature, density, and total pressure 
seem to be lacking (Seay, 1957). However, there seems to be little 
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reason to believe that here also a gas in LTE cannot be generated by 
shock heating. However, the influence of radiation cooling (Petschek et 
al., 1955; Gloersen, 1960) might be expected to be of importance, 
especially for the heavier gases such as argon or xenon where the con- 
tinuous radiation is very strong. Then, as in the magnetic shock tube, 
quantitative measurements must be made at a time long compared to the 
relaxation time but still short compared to significant times for 
cooling, boundary layer growth, etc. 

To summarize the situation with regard to the establishment of 
equilibrium conditions in conventional shock tubes after the relaxation 
period (which must be measured): all relzable quantitative studies of 
pressure, density, and temperature reported so far have shown excellent 
agreement with hydrodynamic theory in the temperature range 2000°- 
14,000°K if the pressure is sufficiently high. There is certainly a variety of 
relaxation phenomena, etc., that are not completely understood but, 
in general, there seems to be little doubt that the shock tube can be 
used as an equilibrated light source over a wide range of conditions; 
this will certainly provide essential quantitative information on the 
character of high temperature radiation and provide an increasingly 
versatile tool for the measurement of atomic properties. 


7 Shock-Heated Plasmas as Thermal Light Sources 


7.1 GENERAL 


It is obvious that there is no general method which enables one to 
predict whether LTE is reached sufficiently fast or not. The following 
example may serve to illustrate how misleading it would be, e.g., to 
assume that an increase in density will always further rapid equilibration: 
Whereas at initial pressures in the mm Hg range one usually does not 
observe any separation of shock front and luminous front in T-tubes 
(except far from the discharge), such a separation is quite pronounced 
at pressures higher than 10 mm Hg (Elton, 1961 and §2), which is 
indicative of a relatively long relaxation time at higher initial pressures. 
Obviously much experimental and theoretical work remains to be done 
before these phenomena will be understood for any given situation. One 
has therefore to make sure that LTE exists behind a shock wave, which 
can be done by checking if various independent measurements and 
analyses lead to the same temperature. Only then may a shock-heated 
plasma be safely used as a thermal light source. 

Some other classes of phenomena should at least be mentioned in this 
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connection: nonplanarity of the shock front, boundary layer effects, 
cooling by thermal conduction to the walls or by radiation losses as 
well as decay of the plasma density and temperature behind the shock 
front because of the finite extent of the pressure reservoir, mainly in 
magnetic shock tubes. Few general remarks can be made about these 
effects, except that one should try to make the times characterizing these 
effects significantly larger than the relaxation times for LTE, and the 
various characteristic lengths small compared to the shock tube diameter, 
All these are necessary requirements for the actual use of a given shock 
tube for the measurement of oscillator strengths and damping constants, 
etc. If they are fulfilled, the shock tube offers some decided advantages 
compared with stabilized arcs: the relative ease of achieving higher 
temperatures, the production of a fairly homogeneous slab of plasma, 
and, finally, the absence of appreciable demixing in case of gas mixtures 
(Mastrup and Wiese, 1958). These advantages might very well off-set 
the greater difficulties in the instrumentation caused by the required 
time resolution. 


7.2 Spectroscopic ANALYSIS OF SHOCK-HEATED PLASMAS 


Quantitative spectroscopy seems to offer the most powerful tool for 
the diagnostics of LTE plasmas, and it is therefore appropriate to 
collect the relevant formulae and discuss their applicability and the 
accuracy that can be achieved in the laboratory with present techniques. 
The theory is much simpler than that used by astrophysicists for the 
analysis of stellar atmospheres, because in applications to plane shock 
waves one usually deals with nearly homogeneous and optically thin 
layers, i.e., the properties of the emitting layer are independent of the 
coordinate in the direction of the line of sight and self-absorption is 
negligible. 

The intensity per unit wavelength interval (in erg sec-1 cm-3 sterad-+) 
from a homogeneous layer of depth / can be written as 
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[for details in the derivation of this formula, consult astrophysical 
texts such as Unsdéld (1955) or Aller (1953)]. The first sum represents 
the line radiation from various atomic species s in ionization stages 
z = 1 (neutral atom), 2 (singly ionized), etc., arising from transitions 
between upper states m and lower states m with unperturbed wavelengths 
s2. The finn are the absorption oscillator strengths, g;;* and Z** are 
statistical weights of the lower states and partition functions 


Z"* =D) gn? exp (— xn‘/kT), 


respectively; the x,” are the energies of the upper states measured from 
the ground states, and L¥-*(X) finally describes the line profiles and is 
normalized such that the integral over the whole line f L%5(A) dA = 1 
(the problem of calculating line profiles is treated in Chapter 13 by 
Baranger). 

The second sum gives the continuum intensity. Here g,, and gj, are 
quantum-mechanical correction (Gaunt) factors which are usually 
close to unity. Furthermore, 4y°* = y3* — yitaxs xn? = xe" — xn", 
where x3; is the ionizational potential and yi, the energy of the 
highest bound state that can be observed. The sum involving g,, must 
be extended from n defined by (xf, — xx )/h <c/A to an n-value 
corresponding to x}... For numerical convenience the ionization poten- 
tial y# of hydrogen was introduced, and also the continuum intensity 
was written in terms of electron density Ne and N***1, i.e., the density 
of the next higher ionization stage of species s. 

The formula for the line contribution is exact, but unfortunately 
oscillator strengths are known only for a small fraction of the lines. Exact 
calculations can be performed only for hydrogen and hydrogenic ions 
(Bethe and Salpeter, 1957). Fairly detailed approximate calculations 
are available for neutral helium (z = 1) (Trefftz et al., 1957) and for 
more complicated systems one can use the relatively simple Coulomb 
approximation (Bates and Damgaard, 1949). If the coupling scheme is 
known, relative oscillator strengths can be obtained also in cases where 
the Coulomb approximation no longer applies (Goldberg et al., 1960). 
Attempts have been made to treat even more complicated cases, but 
it is an open question as to whether the large effort is warranted by 
an increase in accuracy. A compilation of calculated and measured 
oscillator strengths has been made for astrophysical purposes (Allen, 
1955) and presently an effort is being made to provide a complete survey 
of the literature on the subject (Wiese, private communication). 

The formula for the continuum contribution is exact only for hydro- 
gen and hydrogenic ions, where also the Gaunt factors are known 
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(Karzas and Latter, 1958; Kazachevskaya and Ivanov-Kholodnr, 1959; 
Berger, 1956). However, the free-free transitions should be described 
reasonably well by the hydrogenic formula, because they essentially 
occur in a Coulomb field. But also the bound-free continuum can 
probably be calculated with a fair accuracy, if one replaces m by 
effective quantum numbers defined by mee = 2?yH/(y%:* — x"), as 
long as the deviations of mer: from m are small. For neutral helium, e.g., 
this is the case for most levels, and by using the measured energy levels 
in the exponentials and for mete and employing the hydrogenic Gaunt 
factors, the calculated continuum intensity is most likely accurate to 
better than 10%, unless transitions to the ground state and the 2S 
states are significant [see Goldberg (1939) and Huang (1948) for calcula- 
tions for helium with 23S, 21S, 23P, and 2!P as lower states]. Such an 
accuracy would be quite adequate, since present standards for absolute 
intensity measurements are only slightly better than that. If transitions 
into partially occupied shells are important, one must also consider the 
number of available states in these shells (Elwert, 1954). Biberman 
and Norman at the Moscow Power Institute inform us that they have 
obtained corrections to the Unsold-Kramers formula for radiative recom- 
bination using the quantum defect method of Burgess and Seaton (1960). 
In addition to the intensity formula, one has in LTE the various Saha 
equations 
N*?*1N, 2Z*41 | amkT 3/2 re 
yar = gee (pe) ore (- Fr) - (24) 
Also here the highest observable discrete energy should be used instead 
of the ionization potential of the isolated atoms or ions, and the sum 
in the partition function should only be extended to this y*:2,. The 


max’ 
actual value of xiv, or the corresponding principal quantum number 
can be estimated by comparing y%;° — x24, with the mean interaction 
energy of free electrons e2N1/3 (Unsdéld, 1948). 


Other useful equations are the quasi-neutrality condition 


Ne = >) (2 — 1) N*# (25) 


8,Z 
which is practically always valid, and the concentrations of the various 


elements 
N? =) Ne (26) 


z 


t The effective quantum numbers depend on J, the orbital quantum numbers, and one 
has to perform an average of Non over the various ] corresponding to one 7, using the 
continuum oscillator strengths for hydrogen as weight factors, which can be found in 


Bethe and Salpeter (1957). 
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whose ratios are often known for shock-heated plasmas. With these 
equations and with intensity measurements at a sufficient number of 
wavelengths, one can in principle always determine the unknowns T, 
Ne, and N*’, and by taking more than the minimum number of intensity 
measurements also check the internal consistency of measurements and 
results. 

This does not necessarily verify the assumption of LTE, however, 
because quite frequently the intensities of the observed spectral lines 
might be affected by any deviations from LTE in a very similar way. 
A more critical test is to measure, e.g., absolute total line intensities, and 
use them to calculate T and Ne with the LTE assumption, and then 
also to determine Ne from the continuum intensity or the Stark broaden- 
ing, which are both practically independent of LTE. Such an experiment 
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Fic. 16. Effect of errors in the intensity measurement on the calculated temperature, 
T; ion density, N+; and neutral atom density, N®. Set of curves (a) was determined by 
holding the intensity of He I 43889 constant and varying the intensity of He II 4686. 
Set of curves (b) was determined by holding the intensity of He II 14686 constant and 
varying the intensity of He I A3889. [Reprinted from McLean et al. (1960), Fig. 8.] 
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was performed for a helium plasma in a T-tube (McLean et al., 1960), 
where one obtains best accuracies by measuring the total line intensities 
of a He I and a He II line, because of the large difference in the excitation 
potentials. Figure 16 demonstrates how an intensity error is reflected 
in temperature and the various densities in this case. Measured absolute 
intensities can hardly be expected to be more accurate than ~ 10 %. 
Temperature errors are therefore of the order of 1 % and density errors 
of the order of 10 %. Since the theoretical accuracy of the formulae 
for continuum intensities and linewidths also corresponds to a 5 or 
10 % uncertainty in the resulting electron density, one can really check 
whether or not LTE exists in this case with a precision compatible 
with the experimental accuracy. (In the experiment discussed here, the 
error in the linewidth determination was too large to really achieve 
such a precision because of the poor spectral resolution of the time- 
resolving spectrograph.) 

In situations where the plasma is optically thick, e.g., in the centers 
of strong lines, one can make another temperature measurement by 
equating the measured maximum intensities to those of a blackbody in 
the same wavelength intervals. A similar method is to observe the 
absorption by the plasma of radiation from a source of known effective 
temperature. If plasma and source temperatures are equal, the intensity 
at a given wavelength of the source as seen through the plasma (which 
absorbs and emits according to Kirchhoff’s law) is equal to the source 
intensity not passing through the plasma (line reversal method, see also 
§ 6.2). To extend method to higher temperatures, i.e., above 5000°K, 
continuous light sources with higher brightness temperatures than a 
tungsten lamp or carbon arc are required. 


7.3. MEASUREMENTS OF OSCILLATOR STRENGTHS 


Oscillator strengths (f-numbers or transition probabilities) are usually 
determined from lifetimes of excited states or from the intensity of 
emitted or absorbed radiation. For experiments of the second category, 
light sources are needed where the relative or absolute occupation num- 
bers for the excited states can be measured or calculated. This is practically 
impossible, unless LTE exists. There are three classes of thermal light 
sources: furnaces of the King type (King, 1914, 1922) filled with metallic 
vapors, high-current arcs in atmospheres consisting of one or several 
gases, and finally shock tubes. Furnaces are suitable for the measurement 
of relative oscillator strengths of low-excitation metal lines. Absolute 
determinations are difficult because of the uncertainties in the vapor 
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pressure curves. Arcs have been used mainly in Kiel to measure oscillator 
strengths for, e.g., OI (Jurgens, 1954), N I (Motschmann, 1955), O II 
and NII (Mastrup and Wiese, 1958), CI (Richter, 1958), Sil, Si II, 
CII, and C1II (Hey, 1959). Also here, only relative oscillator strengths 
are obtained with good accuracies, and it is again difficult to assess the 
errors in the absolute oscillator strengths, unless special precautions are 
taken to prevent demixing of the constituents of the arc gas to occur. 

In addition to some work on molecular oscillator strengths (‘Treanor 
and Wurster, 1960; Daiber and Williams, 1961; Keck et al., 1959), it 
appears that only three successful shock tube experiments to measure 
atomic oscillator strengths have been completed. 

Doherty (1961) has measured the absolute f-numbers of 21 neon 
lines, 12 argon lines, and various CI, NI, and OI lines in the spectral 
range 5800-8500 A using the Michigan shock tube described in § 3.1. 
The temperature was determined accurately from velocity measurements 
and the broadening of H, (introduced as an impurity) by the method 
described in § 6.2. The relative plate sensitivity was determined with a 
carbon arc using a shutter. The characteristic curves at each wavelength 
were found with a xenon flash lamp and step filter. Both the flash lamp 
and arc had the same exposure time as the streak spectra of the shock 
luminosity. The absolute neon and argon f-numbers were found by using 
the H, line as a standard since it has a known f-number. Except for a few 
lines, the relative f-numbers of neon agree to within 10 % with Laden- 
burg’s and Levy’s (1934) values, but the absolute values are systematically 
lower by a factor of about 3, which is within the accuracy of the latter 
authors’ calibration. It is estimated that the absolute values as deter- 
mined in the shock tube are accurate to + 20 % after correcting for the 
slight deviations (~ 1-2 %) from the Rankine-Hugoniot kinetic tem- 
perature. It should be possible to check the absolute scale by comparing 
the neon and neutral helium spectra at higher temperatures. Helium 
and neon both have high excitation energies, and the f-numbers of 
neutral helium can be measured as described below. 

With the same Michigan shock tube, Wilkerson (1961) measured 
Cr I and some Cr II oscillator strengths using absolute intensities. 

Magnetic shock tubes easily produce temperatures significantly 
higher than those obtainable in arcs or conventional shock tubes. There- 
fore, it seemed reasonable to measure first the oscillator strengths of 
He I using a T-tube, especially because helium is most suitable to test 
the accuracy of the various approximations for calculating oscillator 
strengths (McLean, 1961). The helium measurements were made using 
photomultipliers and oscilloscopes with photographic recording, and 
absolute line and continuum intensities could be obtained by calibrating 
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the system with a tungsten ribbon filament lamp as a radiation standard. 
It was possible to reduce all errors of the actual experiment to a few 
per cent, so that one of the major uncertainties in the absolute line 
intensities is now given by the error in the standard lamp calibration 
(5 % at 3000 A, 2 % at 6000 A). Intensity ratios could be determined 
with slightly better accuracies, because here the standard lamp contribu- 
tion to the error is 3 % or smaller for lines in the visible depending on 
their wavelength separation. 

Some of the f-numbers for He I transitions are so close to the corres- 
ponding hydrogen values that calculated oscillator strengths for them 
have uncertainties that are negligible compared with the experimental 
errors. The oscillator strengths of other transitions were therefore 
determined relative to them, and their absolute values are expected 
to have an accuracy of better than 10%. Similar accuracies should 
be attainable for lines from other gases, if mixtures with helium or 
hydrogen are used, and if the reference lines with known oscillator 
strengths are chosen to have their upper levels close to the upper levels 
of the transitions whose oscillator strengths are to be measured. This 
ensures that an error in the measured temperature has only a negligible 
influence on the resulting oscillator strengths. Furthermore, one should 
avoid working at too high temperatures, because otherwise most of 
the line radiation might come from the boundary layer. 

This method of mixing several gases is certainly applicable for shock 
tubes, because there is not enough time for any appreciable de-mixing 
to occur. Another advantage over arcs is the better homogeneity of the 
source in the direction of the line of sight, which simplifies the analysis 
considerably. On the other hand, in a steady-state stabilized arc the 
whole spectrum can be scanned, whereas with shock tubes one will 
usually measure only the total intensities in appropriate wavelength 
intervals containing the spectral lines in question. These must then be 
corrected for continuum background, and one usually also has to allow 
for the contribution from the far line wings which are not received by 
the exit slits. The continuum intensities can be measured near the lines 
in regions free of impurity radiation, and the wing contribution can 
either be calculated from theoretical line profiles obtained from measured 
electron densities and temperatures or from directly measured line 
profiles (see the next section for details on the measurement of line 
profiles from shock-heated transient plasmas). In the helium experiment 
the uncertainties of these corrections gave no significant contribution 
to the error in the oscillator strengths, because the corrections were 
usually not much larger than 10 %, and the error in the corrections in 
turn could be kept below 10 %. 
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Therefore, in addition to the errors in the standard lamp calibration, 
only reading errors from the oscilloscope traces seem to give rise to 
serious errors. Their influence can, however, be reduced by averaging 
over a large number of measurements. One can accordingly hope to 
achieve an accuracy of better than 10 % for absolute oscillator strengths 
measured in shock tubes using the methods described in this section, 
which should be applicable to a great variety of lines, including ion 
lines, of interest in astrophysics and laboratory plasmas. A significant 
improvement of the accuracy of oscillator strengths from intensity 
measurements will have to wait for better radiation standards. 


7.4. DamPING CONSTANTS AND LINE PROFILES 


The principal causes of line broadening in shock-heated plasmas are 
thermal Doppler effect and Stark effect from the electric microfields 
produced by ions and electrons in the plasma. Doppler broadening is 
important at high temperatures and low electron densities and can then 
be used to measure the kinetic temperature of emitting atoms and ions. 
But at moderate temperatures and relatively high electron densities 
(the usual situation) Stark broadening dominates. It is mainly a function 
of the electron density and can, therefore, be used to measure this 
quantity provided the theory of Stark broadening has been worked out 
for the lines whose profiles are observed. The present status of the theory 
is reviewed in Chapter 13, and here only some of the most important 
numerical results will be presented. 

Table I summarizes the most recent calculations for the hydrogen Hg, 
line (Griem et al., 1961c) which have an estimated error of less then 
10%. The function S(a) describes the normalized line profile 
(J*8 S(a)dx = 1) with a defined by «a = AX/Fy = AA/(2.6leN2/). In 
this approximation the profiles are symmetric [S(a) = S(—a)]. Actually 
some slight asymmetries do occur (Griem, 1954) and one should therefore 
compare the mean of the measured blue and red wings with the cal- 
culated profile. Other hydrogen line profiles (H,, H,, H,, Ly., 
and Lys) have also been calculated (Griem et al., 1959b) and detailed 
profiles are available (Griem et al., 1960). In these early calculations 
the electron impact broadening of the lower states was neglected and also 
the ion field-strength distribution functions were only approximated, 
which introduced errors of usually less than 10 % (Griem et al., 1961c). 
For higher series members of hydrogen and hydrogen-like spectra one 
can use approximate profiles which depend on two parameters describing 
the ion broadening and the relative importance of the electron broadening 
(Griem, 1960). 
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TABLE II 


Fu_t Hatr-Wiptus oF Some NeutraL Hetium Lines? 





Line Temperature (°K) 


Transition Wavelength 5000 10,000 20,000 40,000 80,000 








23S — 48P 3188 7.6 8.1 8.2 Td 6.9 
23S — 3§P 3889 2.4 2.7 2.8 2.8 2.6 
as — 4p 3965 24 22 20 17 14 
2P — 3S 4121 19 22 24 25 23 
2'P — 51S 4438 34 38 39 38 35 
2P — 45S 4713 8.0 9.8 11 12 11 
21S — 31P 5016 8.9 8.3 7.6 6.8 5.9 
2'P— 41S 5048 15 17 18 18 17 
2°P — 38D 5876 3.8 4.0 4.1 4.0 3.8 
2'1P — 34D 6678 9.8 8.7 7.8 6.9 6.0 
2P — 35S 71065 4.2 5.1 6.0 6.6 6.8 
2P — 31S 7281 15 8.9 9.9 10 10 


* Full half-widths (in angstroms) of neutral helium lines broadened by electrons 
(mainly) and ions for Ne = 10!7 cm-? (Griem et al., 1961a). Doppler broadening is not 
included. 


In Table II some calculated half-widths (between half-intensity 
points) are collected for the stronger isolated neutral helium lines in 
the visible region of the spectrum. Here the electron contribution 
dominates, which has been calculated recently with the impact approx- 
imation (Griem et al., 196la). In Table II a 10 % allowance for ion 
broadening was included. The accuracy should then be better than 20 %, 
and linewidths will scale linearly with the electron density until they 
approach the width of a hydrogen line with the same principal quantum 
number. Recently calculations were also made for He II 4686 A and 
He II 3203 A (Griem and Shen, 1961). At Ne = 10!7 cm-? and 
T = 40,000°K, e.g., the half-width of He II 4686 A is 4A. As long 
as Doppler broadening is negligible or only a small correction, this 
width is essentially independent of the temperature and scales appro- 
ximately with N23’. 

It is planned to calculate damping constants (half-widths) for lines 
from other than hydrogen or helium atoms using atomic matrix elements 
derived with the methods used by Bates and Damgaard (1949) for 
oscillator strengths. This method is expected to be applicable to a large 
class of spectral lines, because Stark broadening essentially depends only 
on the wave functions of the upper states, which are more hydrogen- 
like than those of the lower states. 
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Measurements of profiles of spectral lines emitted from shock-heated 
plasmas require rather involved instrumentation because both wave- 
length and time resolution is needed. If photographic methods are 
employed, an optically fast spectrograph is essential that still possesses 
sufficient resolving power. It must be stigmatic so that the dimension 
in the slit direction can be used as time-axis. One can either use rotating 
mirrors to sweep the image of the shock tube along the slit or use 
rotating film drums in conjunction with a pinhole entrance slit. Clearly 
none of these systems yields spatial resolution. This can be obtained by 
employing a fast shutter [Kerr-cell or mechanical (Wiese, 1960)] with a 
stigmatic spectrograph. Such a system then yields a snapshot of the 
spectrum with spatial resolution in the entrance slit direction. 

All photographic methods have the advantage that a number of 
spectral lines can be observed simultaneously. But normally one has 
to use the most sensitive films, and one can hardly expect an accuracy 
of more than 10 % in the half-width determinations. Often measurements 
on the line wings will be extremely difficult because of the limited range 
of such films, and it is then next to impossible to determine the con- 
tinuum background. Finally, the intensity calibration and photometry 
of the film is extremely laborious, and it is therefore very likely that 
photoelectric methods will eventually be used almost exclusively for 
precision measurements of line profiles. 

For photoelectric measurements one does not usually require a 
stigmatic spectrograph. The major problem in this case is to feed the 
light from different wavelength bands within one line to the various 
photomultipliers. This has been accomplished by multiple slit and 
mirror systems in the focal plane. Another possibility is the use of glass 
fiber optics to split the beam. If shot-to-shot reproducibility is suffi- 
ciently good, the line can just be scanned from shot-to-shot with a 
monochromator. In a stigmatic instrument a larger separation of the 
various wavelength channels may be achieved with an exit slit that is 
somewhat inclined with respect to the entrance slit. For very narrow 
lines one can finally use interferometric techniques, where then a 
line may be spread so far that the placement of the detectors poses no 
special difficulty. 

The decisive advantage of all photoelectric systems stems from the 
linearity of the photomultipliers, which practically eliminates the need 
for intensity calibration if one is interested only in line profile measure- 
ments. This linearity is especially important on the line wings, where 
the line may only contribute a small fraction of the continuum intensity 
which must be subtracted. It appears therefore that photoelectric 
systems make possible much more reliable profile determinations. 
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However, they require more equipment than the photographic method, 
and also yield only the profile of one line at a time. 

As pointed out earlier in this section, there are several motivations 
for line broadening studies. If Doppler broadening dominates, one can 
measure the kinetic temperatures. This can be done with a three- 
channel system (Ramsden et al., 1961) once it is established that the 
profile is Gaussian. Or, if Stark broadening dominates, one can measure 
electron densities from lines with calculated Stark profiles. Also, this only 
requires a small number of channels. 

On the other hand, if one wants to check the theory of Stark broaden- 
ing, one certainly needs more detailed information on the profiles. In 
this case, the monochromator technique is quite appropriate. Measure- 
ments of some hydrogen and helium lines from shock waves in T-tubes 
have been made with this method (Berg et al., 1961), and the results 
were compared with calculated profiles using the electron density from 
absolute continuum intensities. For hydrogen a 5 % agreement and for 
helium a 10 °% agreement in the width was achieved. Presently an attempt 
is being made by Elton to measure the Stark profile of the Ly, line 
emitted by the plasma behind the reflected shock wave in a high pressure 
T-tube. 

But as mentioned before, line profile determinations are also necessary 
if one wants to measure absolute line intensities precisely, because then 
wing and continuum corrections must be made. Finally, since the 
accuracy of, for example, the calculated H, line profile seems really to 
be better than 10 %, it is now indeed possible to perform the experi- 
mental test of the validity of the LTE assumption described in connec- 
tion with the measurement of equilibrium temperatures and densities 
in a helium-filled T-tube. 


7.5 MEASUREMENT OF THE H~ CONTINUUM 


As an example of a quantity of great interest for atomic physics and 
astrophysics that can probably be measured directly only in the labo- 
ratory with shock-heated gases, one may cite the recombination con- 
tinuum of the negative hydrogen ion. An experiment designed to measure 
the intensity of this continuum was performed at Kiel (Weber, 1958) 
and it may serve here as a demonstration for the flexibility of the shock 
tube. 

The main difficulty in an experiment of this kind is to obtain condi- 
tions under which the H~ continuum is much stronger than the usual 
bound-free and free-free continua of the atom. This is the case for 
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high electron densities, but low temperatures (low degree of ionization), 
i.e., a set of conditions that is difficult to achieve in arcs.t 

Therefore the experiment was done with a diaphragm-type shock 
tube filled with a mixture of a noble gas (krypton in this case) and 
hydrogen in the low-pressure section and pure hydrogen in the high- 
pressure section. The optimum pressure ratio H,:Kr was found to be 
20 %. For this mixture the heavy monatomic gas still determined the 
shock behavior, but the continuum to be observed behind the reflected 
shock was already sufficiently strong. 

The spectrum of the shock-heated gas was measured photographically 
and the continuum intensity was then compared with the sum of the 
various calculated continua, using the temperatures and densities 
obtained from the Rankine-Hugoniot relations and the measured shock 
velocities and initial pressures. 

The shapes of observed and calculated continua were found to be 
in good agreement, and also the measured and calculated temperature 
dependence. Furthermore, the discontinuity at the advanced Balmer 
limit (the higher series members of the Balmer series merge due to 
Stark broadening) was measured to be 25 %, which compares favorably 
with the calculated value using the Chandrasekhar theory for the H™ 
absorption coefficient. (For these conditions the continuum intensity 
would change at the Balmer limit by a factor of 30, if H~ would not 
contribute at all.) 

One should compare this method with the direct measurements of 
the cross sections for photo detachment using negative hydrogen beams 
(Smith and Burch, 1959) irradiated crosswise with monochromatic light. 
Probably the latter method is capable of yielding a better accuracy for 
the absolute cross sections, but it will be difficult to approach the wave- 
length resolution of the shock tube experiment. As to the relative cross 
sections, the results of the two methods are in agreement and it is quite 
likely that a shock tube experiment, in which temperatures and densities 
are measured spectroscopically, preferably with a photoelectric system, 
will also give reliable absolute cross sections. 


t Because of the small electron affinity of H (0.75 ev), the temperature should not be 
higher than 7000 °K in the practical pressure range. Continua from negative ions like O-, 
however, can be obtained at higher temperatures because of the larger electron affinity. 
It is for this reason that the O- continuum could be measured in an arc (Boldt, 1959). 
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1 Electron Attachment 


The following chapter gives a summary, necessarily brief and incomplete, 
of the newer work on electron attachment cross sections and coefficients. 
To do this, an account of the recent associated work on Townsend’s 
primary and secondary ionization coefficients has been included, because 
of the importance that these constants have in relation to one of the 
most important methods of measuring attachment coefficients. 


Determination of attachment cross sections. Virtually no absolute 
measurements of low-pressure, single collision condition, attachment 
cross sections were made until the middle 1950’s. Thus, in ‘“‘Negative 
Ions” (Massey, 1950) the only data cited are those of Buchdahl (1941) 
who used a Lozier ionization chamber (Lozier, 1934) to measure 
attachment in iodine vapor. The electron path lengths were uncertain 
and the results were therefore not accurate. Buchdahl’s negative ions 
were predominantly I~ from dissociated I;* formed by direct capture. 

Despite many studies (e.g., Hagstrum, 1951) of the critical potentials 
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for formation of negative ions by resonance capture (dissociative attach- 
ment) 


AB+e>A+B- (1) 
and by ion pair formation 
AB +e>At+B-+e (2) 


no serious attempt at measuring negative ion currents was made until 
quite recently. 

The early work has been reviewed by Massey (1950) and by Craggs 
and Massey (1959), but a few specific references will be given below. 

Buchel’nikova (1958a) has described an ionization chamber which 
she has used for attachment studies, i.e., for the determination of critical 
potentials and cross sections, in single collision conditions. The RPD 
technique due to Fox et al. (1951) was used, together with the pulse 
technique for ensuring field free ion collection. In a suitably designed 
chamber the latter should not be necessary since field penetration into 
the collector region from accelerating electrodes, etc., can usually be 
made negligible, unless high voltage extraction as with a mass spectro- 
meter is used. 

In Buchel’nikova’s first paper, some preliminary data for SF, were 
briefly described. The earlier results of Hickam and Fox (1956) for 
appearance potentials of SF; were confirmed, the critical energy for 
which capture occurs was found to be 0 + 0.01 ev, and the resonance 
capture curve width was taken to be 0-0.5 ev, giving a maximum capture 
cross section of 1.2 + 0.4 x 10-45cm?. However, SF; ions were 
observed for electron energies of 3 ev or more. Figure 1 (Hickam and 
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Fic. 1. SFg and SF5 ion currents as a function of the electron accelerating voltage. 
The curves were obtained with a mass spectrometer employing the RPD method. 
(From Hickam and Fox, 1956.) 
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Fox, 1956) shows the SFg and much smaller SFZ ion currents as a 
function of electron energy. These data were the first to be taken for 
low-energy negative ion processes with any degree of precision on the 
energy scale and demonstrate very clearly the remarkable success of 
the RPD method. 

In her later paper Buchel’nikova (1958b) gives further data for 
oxygen and water vapor and for certain halogen molecules (SF,, CCl, 
CF,I, CCI,F,, BCl,, HCl, and HBr). She did not carry out measurements 
at higher energies, such as those required for the ion-pair process. Her 
data are summarized in Table 1. 


TABLE I 


ATTACHMENT Cross SECTIONS? 


Cross section Electron energy Cross section Electron energy 
Molecule at the Ist at the Ist at the 2nd at the 2nd 
maximum (cm?) maximum (ev) maximum (cm?) maximum (ev) 





SF, 5.7 x 10776 0.00 0.1 
CCl, 1.3 x 10-%* 0.02 1.0 x 10-76 0.6 
CF,I 7.8 x 107” 0.05 3.2 x 10-”” 0.9 
CCI,F, 5.4 x 10-7” 0.15 
BCI, 2.8 x 1072? 0.4 
HBr 5.8 x 107-1? 0.5 
HCl 3.9 x 10778 0.6 
H,O 4.8 x 10-78 6.4 1.3 x 10-78 8.6 
O, 1.3 x 10-18 6.2 


* Buchel’nikova (1958b). 


Figure 2 shows the oxygen data as obtained by Buchel’nikova and 
Craggs et al. The difference between the two sets of data is greater than 
the sum of the fairly large experimental errors and further investigations 
(now being carried out in Liverpool with a new and different form of 
ionization chamber) are necessary. 

The work of Thorburn, Tozer, and Craggs on capture cross section 
measurements was carried out with a Lozier ionization chamber (Lozier, 
1934). The apparatus was later used for cross section measurements in 
oxygen, carbon monoxide, and carbon dioxide. 

A description of the performance of the apparatus has been given by 
Tozer (1958) who studied, for example, collection efficiencies in some 
detail. It is necessary to allow for the varying efficiency of collection 
of ions with varying initial kinetic energy, as Tozer has shown. This is 
particularly important in the case of oxygen, where the O- and O} ions 
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have different kinetic energies, the latter of course have virtually thermal 
energies while the O~ ions may have initial kinetic energies of more 
than | ev. 

The cross sections for attachment in oxygen were measured by Craggs 
et al. (1957) by comparing the O- current in the Lozier apparatus with 
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Fic. 2. Resonance capture peak in oxygen: ——, Craggs et al. (1957); - - -, Buchel’- 
nikova (1958b). 


OZ and with Ar* currents. The standard data were those of Tate and 
Smith (1932) for oxygen and argon, although it was found that if the 
Oz currents were normalized at, say, 38 ev (in the neighborhood of 
which the Tate and Smith data follow precisely the same variation with 
energy as those of Craggs et al.), there were discrepancies immediately 
above the ionization potential. Thus, at 20 ev, the latter data were 
only 75 % of those due to Tate and Smith, and it was suggested (Craggs 
et al., 1957) that the difference is due to the neglect by Tate and Smith 
of any spiraling by the electrons in the magnetic field in their apparatus. 
This needs further study. After various corrections had been made, the 
data of Fig. 2 were obtained, with the maximum value of the attachment 
Cross section Qa(O-) of 2.25 x 10-18 cm?. 

The next data were obtained by Craggs and Tozer (1958) on carbon 
Monoxide. Again, no previous values were available and the same 
Procedure was followed. It was found in carbon monoxide that the ion 
Pair process, interpreted as 


CO — C+ + O- (about 21 ev) (3) 


210 A. N. PRASAD AND J. D. CRAGGS 


and 
CO — C- + O+ (about 23 ev) (4) 


is more abundant, relative to the capture peak, than in oxygen and further 
that the O- ions in the resonance capture peak which appeared at 
9.35 + 0.1 ev for ions of zero initial kinetic energy had very small 
initial kinetic energies, cf. O- in oxygen. A maximum cross section of 
2.7 + 0.3 x 107-18 cm? at 10.1 ev was obtained. 

Finally (Craggs and Tozer, 1960), data were obtained for carbon 
dioxide in which no previous observations of electron attachment in 
low-pressure single collision or in swarm conditions had been made. 
The relevant process, checked with a mass spectrometer, is 


CO, +e+CO+0,, (5) 


i.e., a resonance capture. No ion pair process was observed. The cross 
sections are shown in Fig. 3 with a maximum value of 5.1 + 0.5 x 
10-18 cm? at 7.8 ev. In the course of these measurements on carbon 
dioxide, Tozer made observations of the resonance capture peak at 
various retarding potentials and, as a result, was able to offer an explana- 
tion for the high value, about 2.2 ev, for the electron affinity of O, i.e., 
EA(O), in electron collision experiments, as compared with Branscomb’s 


Q.(O~)oo, (10-1 em?) 





6 8 
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Fic. 3. Attachment cross sections in CO,. (From Craggs and Tozer, 1960.) 
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value (Branscomb et al., 1958), by photodetachment, of about 1.45 ev. 
On making corrections for initial kinetic energy effects the EA(O) values 
for carbon dioxide, carbon monoxide, and oxygen, respectively, are 
1.2 + 0.3, 1.6 + 0.2, and 1.5 + 0.2 ev in agreement with Branscomb’s 
data. 


2 Ionization Coefficients 


It has already been explained (§1.1) that it is necessary to describe 
recent measurements of ionization coefficients in order to give details 
of attachment coefficients measured by the same methods. Both coef- 
ficients are connected, not only in Townsend’s method, i.e., the measure- 
ment of non-self-maintained field intensified currents in uniform 
field conditions, but also in Raether’s avalanche methods. Further, of 
course, the ionization coefficients themselves are of interest in connection 
with mechanisms of electrical breakdown in gases, so for that reason, 
and for their relation to ionization cross sections (Chapter 12) through 
energy distributions, they will be discussed here. 


2.1 TowNsENp’s PRIMARY IONIZATION COEFFICIENT 


Townsend’s primary ionization coefficient, a, is defined as the mean 
number of ionizing collisions, i.e., ion pairs produced, per electron 
per centimeter of drift path in the field direction. It was first introduced 
by Townsend (1915) to describe the growth of prebreakdown ionization 
currents in uniform fields in gases. The coefficient a is therefore an 
important parameter in the spark breakdown of gases and the low current 
discharges. From simple kinetic theory considerations it may be shown 
that «/p is a function of E/p (p = gas pressure, mm Hg and E=applied 
field, volts cm-), if no pressure-dependent ionization is present in the 
gas (Townsend, 1915). Some investigators (Druyvesteyn and Penning, 
1940) have introduced a coefficient 7 in place of a. The coefficient 7 is 
then defined as the mean number of ion pairs produced per electron 
Per volt potential difference. Consequently, 


a = 9. (6) 


However, since « is more widely employed in the literature, it will be 
adopted throughout this chapter and 7 is later utilized to describe electron 
attachment in gases. 
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In uniform field conditions, a single electron in traversing a distance 
d cm in the direction of the field would produce on the average exp(ad) 
new electrons in the absence of any secondary effects. This multiplica- 
tion caused by a single electron is termed an “‘electron avalanche,” and 
the build-up of ionization in a gas is accordingly produced by a succession 
of electron avalanches. 


2.2 DETERMINATION OF IONIZATION COEFFICIENTS 


2.2.1 The Method of Townsend 


Following the theory developed by Townsend (1915, 1947) and by 
subsequent workers (Loeb, 1955), the steady-state growth of prebreak- 
down currents at any particular value of E/p in uniform fields, due to 
ionization by electron impact and secondary electron production, can be 
represented as a function of the electrode separation (d cm) by 


I exp (ad) 


Th tl —y{exp(ad)— 1) 


Here J is a smallt externally generated initiatory electron current (e.g., 
photoelectric) and y is Townsend’s secondary coefficient describing 
electron production due to secondary processes (e.g., secondary emission 
at the cathode due to incidence of positive ions, or photons formed in the 
gas). Since in practice several such secondary processes act in concert, 
y represents a generalized secondary coefficient describing several 
secondary processes. In obtaining this equation it has been assumed 
that the initiatory electrons are in equilibrium with the applied field 
(i.e., d>> electron mean free path) and that space charge effects are 
absent. The latter condition is in general satisfied if the current density 
corresponding to Jy is kept < 10-!° amp/cm? (Crowe et al., 1954). In 
addition, it is assumed that loss of electrons by attachment and diffusion 
are negligible. 

At any particular value of E/p, a plot of log J against d (or applied 
potential) is initially linear with an upcurving at large values of d. For 
y ~ 10-4 or less, as would be the case in most molecular gases at low 
E/p (Loeb, 1955), the mean slope of the initial linear part of the plot 
yields «. For y > 10-4 (e.g., rares gases, hydrogen at high E/p values), 
the coefficients « and y have to be evaluated simultaneously from the 
log I, d plot. 


tI, — 10-12 to 10-" amp. 
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In electron attaching gases, on the other hand, additional parameters 
are necessary to account for the removal of electrons by the various 
attachment processes. Negative ions may result from direct or resonance 
capture or from ion pair formation. Defining rate coefficients and 6 
analogous to « to describe the rates of capture and ion pair formation, 
respectively, per electron per centimeter of drift in the field direction, 
it can be shown that Townsend’s current growth equation is modified to 








(« + 8) - (n + 8) 
I = li = 7) ies “ a iu (a =) Dl (8) 


6h ES) one) 





(Harrison and Geballe, 1953; Howard, 1957). However, since in most 
molecular gases the 8 processes occur at relatively high electron energies 
(electron energies > ionization energy of the constituent atom or radical) 
and the cross sections for these processes are in general smaller than 
those for low-energy processes (§ 1), the contributions to the attachment 
due to the 6 processes can in general be neglected at low values of the 
mean energy of the electron swarm, i.e., at low values of E/p (Prasad, 
1960). Equation (8) is reduced to 





I [sor (e— 4-7] (9) 


fo [1-2 fep (« — nd - 13] 


ama) 











(Penning, 1938; Harrison and Geballe, 1953; Prasad, 1959). This 
approximation is valid only at low values of E/p (§3). Under these 
conditions the log J, d plot would be initially nonlinear (i.e., with a 
concavity towards the axis representing d) with an upcurving at large 
values of d. The coefficients «, 7 (and y) are then to be evaluated simul- 
taneously by a process of curve fitting. The accuracies attainable have 
been considered at some length by Prasad (1960) and Bhalla and Craggs 
(1960), and it would appear that the maximum accuracy is attainable 
in general only in the case of strongly attaching gases (e.g., oxygen). 
Further, at high values of E/p where a/p > 7/p, the exponential term 
in (9) tends to dominate the subtractive term, and accordingly the 
Curvature in these plots would be confined to low values of d. The log J, d 
Plot for large values of d (or for high values of E/p) closely resembles 
that in a nonattaching gas and only the coefficient (« — 7) can be obtained 
with any accuracy (Prasad, 1959). In addition, at very high values of E/p 
(where mean energies are generally 5-10 ev) contributions due to the 8 
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processes are likely to be appreciable and a simultaneous evaluation 
of the coefficients a, 7, 5 (and y) is complex and tedious, and approxima- 
tions regarding the relative significances of these processes have to be 
employed which in general limit the over-all accuracies in determining 


a/p. 
2.2.2 Electron Avalanche Method 


While the steady-state experimental method of Townsend described 
above has hitherto been the accepted method of evaluating «/p in gases, 
a new technique based on the statistical distribution of electron avalanche 
sizes has been developed by Raether and his colleagues (Schlum- 
bohm, 1960) for the study of a/p over a limited range of E/p. Although 
the average multiplication in the gas due to a single electron is given by 
exp(ad), Wijsman (1949) and Legler (1955) have pointed out that the 
multiplication due to individual electrons is distributed statistically. 
Following Wijsman, the probability for the existence of an “electron 
avalanche” with a multiplication between m and (m + dn) in uniform 
fields at any particular E/p can be written as 


P(n) = - exp (=| (10) 


where # = exp(ad). A semilogarithmic plot of P(m) or the current pulse 
height due to an avalanche against » would be linear with a slope of 
— 1/#. From the slope of such a plot « may be obtained. 

Frommhold (1956, 1958) and Schlumbohm (1958, 1959) have 
studied the validity of the above statistical distribution over a wide 
range of values of n (from 10-? # to 10? #) by employing very low values 
of I, (~ 10-16 amp). With an over-all accuracy of better than 10 % 
in the evaluation of #, the accuracies in the evaluation of « would be 
better than 1 %. The log P(n), n plots, however, appear to deviate from 
the linear form under the following conditions: (a) when gas amplifica- 
tion is > 10° and an appreciable space charge distortion of the applied 
field is present, (b) when avalanches are produced by secondary electrons 
and the apparatus cannot resolve them, and (c) when the parameter 
E/Via (in which V, is the first ionization potential of the gas) is very 
low, i.e., for high values of E/p (> 120). 

When electron attachment occurs to an appreciable extent in the gas 
under investigation (e.g., as in oxygen) the foregoing equation for the sta- 
tistical distribution of electron avalanches appears to be valid if # is written 
as equal to [a/(a — 7)]? exp (a — 7)d assuming that the attachment is due 
predominantly to the 7 process discussed above. From measurements of 
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fi at two different values of pd for any given value of E/p, the coefficients 
a« and » may be evaluated simultaneously. The accuracy under these 
conditions is, however, relatively poor and the method requires further 
detailed studies, particularly at high values of E/p where contributions 
due to 6 processes are apt to be appreciable. Further, unlike the experi- 
mental method of Townsend, no clear indication of the existence of 
electron attachment in the gas under investigation is available in this 
technique. It therefore requires prior knowledge of the existence and the 
mechanisms of negative ion formation in the gas under consideration 
from independent experiments (e.g., mass-spectrometric studies) before 
investigations can be attempted. 


2.3 IONIZATION COEFFICIENTS IN GASES 


Since the early work of Townsend and his colleagues (Townsend, 
1915, 1947) numerous investigations of «/p in various gases have been 
carried out by several workers. Table II summarizes some of the more 
important of these investigations. 


2.3.1 Rare Gases 


The early data of Kruithof and Penning in the rare gases argon (1936), 
neon (1937), neon-argon mixtures (1937), and of Kruithof (1940) in 
argon, krypton, and xenon constitute the most extensive and probably the 





1e) 
10 100 1000 
E/P (V em“'mm-! Hg at O°C) 


Fic. 4. Ionization coefficient 7 (= o/E) asa function of E/p in Ne and Ar. @ = argon 
(Davies and Milne, 1959; Davies et al., 1960), 7 = argon (Kruithof, 1940), A = neon 
(sample 1), O = neon (sample 2) (Davies and Milne, 1959; Davies et al., 1960), 
+ = neon (+ 0.1% argon) (Kruithof and Penning, 1937). (From Davies and Milne, 
1959.) 
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most accurate available to date. The data of Kruithof are compared with 
the more recent data of Davies and Milne (1959; Davies et al., 1960) in 
commercial spectroscopically pure grade samples of neon and argon in 
Fig. 4. The latter authors have employed an all-glass ionization chamber 
with evaporated copper film electrodes and by utilizing stringent ultra- 
high vacuum techniques have achieved a background impurity pressure 
~ 10-® mm Hg or less. These recent data in argon show deviations of 
some 15 % compared with those of Kruithof and Penning at high and 
low E/p’s for which no satisfactory explanation is available at present. 
In neon, on the other hand, the data of Davies and Milne correspond to 
approximately 10-2 % impurity of argon, and this appears to vary 
between individual flasks of gas samples nominally of the same grade. 
These latter features thus indicate the necessity of further detailed 
studies in these gases under ultrahigh purity conditions. In the case of 
helium, the early data of Townsend and McCallum (1934) appear to be 
the only available to date over any appreciable range of E/p (12 < E/p 
< 100) and, consequently, further studies in this gas in high purity 
conditions are urgently required. It is, however, to be noted that these 
data are in close agreement with the rigorously calculated data (Dunlop, 
1949) indicating that contamination of gas if any in the studies of 
Townsend and McCallum may not be serious. 


2.3.2 Molecular Gases 


Nonattaching Gases. Of the various molecular gases hydrogen and 
nitrogen appeared to have been investigated by numerous workers in 
recent studies employing gas samples of varying degrees of purity over 
different ranges of pressure and E/p’s (Table II). In hydrogen, these 
various studies indicate that a/p is relatively insensitive to traces of 
impurity at low E/p’s (see Fig. 5). At high values of E/p (Fig. 6) the recent 
measurements of Rose (1956) (accuracy + 2%), Davies and Milne 
(1959); Davies et al., (1960) (accuracy + 2 %), and Jones and Llewellyn- 
Jones (1958) (accuracy + 5 %) indicate that «/p is remarkably sensitive 
to traces of impurity inherent in the preparation of the gas since all these 
investigators used ultrahigh vacuum techniques. The gas samples of 
Rose were prepared from thermal decomposition of uranium hydride 
(prepared in turn from exposing reactor grade uranium to reagent grade 
hydrogen) while those of Davies and Milne were obtained from electro- 
lysis of barium hydroxide in distilled water and admitted to the chamber 
Via a palladium thimble, and those employed by Jones and Llewellyn- 
Jones were doubly purified. Hydrogen from electrolysis of barium 
hydroxide was transmitted through a palladium thimble on to activated 
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Fic. 5. The ionization coefficient «/p (cm X mm Hg)? at 0°C vs. pop/Ecm X mm Hg/ 
volts at 0°C for H., showing the results of several workers. (From Rose, 1956.) @, Rose 
(1956); A, De Bitetto and Fischer (1956); m, Hopwood et al. (1956); x, Crompton et al. 
(1956). 
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Fic. 6. Ionization coefficient 7 (= «/E) as a function of E/p in hydrogen. + —+ —+ 
= bulk metal tube, uncorrected results (Davies and Milne, 1959; Davies et al., 1960), 


--@--@-- = bulk metal tube, corrected results (Davies and Milne, 1959; Davies 
et al., 1960), X-.-. X = evaporated-film tube, uncorrected results (Davies and Milne, 
1959; Davies et al., 1960; also Ayres, 1923; Rose, 1956), O-+--+++ O = evaporated-film 


A- = 





tube, corrected results (Davies and Milne, 1959; Davies et al., 1960), -A 
Jones and Llewellyn-Jones (1958). (From Davies and Milne, 1959.) 
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uranium and the uranium hydride so formed was decomposed thermally. 
In all the cases P,O, and liquid nitrogen traps were employed at various 
stages to ensure dryness of the gas. Further, Jones and Llewellyn- 
Jones and Davies and Milne point out that the data of Rose are apt 
to be appreciably in error at high E/p’s (E/p > 130) due to the neglect 
of contributions from y in the evaluations of « (§ 2.2.1 and Fig. 6). 
The available data are satisfactory up to E/p = 100 to 130, but beyond 
this further investigations are needed. 

In contrast, in nitrogen the position appears to be complex even at . 
low values of E/p. The data of Heylen (1959) in nitrogen of 99.998 % 
purity over 30 < E/p < 85 which are in remarkably close agreement 
with those obtained in nearly all the earlier studies (Table II and Fig. 7) 
indicating relative insensitivity of «/p in this gas to impurities, differ 
markedly from the observations of Harrison. The latter has obtained 
values of «/p in three different grades of nitrogen (of differing purities) 
which exhibit a marked sensitivity to impurity at variance with the 


ar rae Ce ee a ae 
| Bg 


107? 


10-? 


a/p, (ionizations/cem./mm. Hg) 





10-3 
20 30 40 #=+%50 60 70 #%$sgo 90 100 
E/p, (V./em./mm. Hg) 


Fic. 7. Ionization coefficient a/p as a function of E/p in nitrogen. [_], Ayres (1923); 
V, Masch (1932); O, Posin (1936); +, Bowls (1938); A, Dutton et al. (1952); @, De 
Bitetto and Fisher (1956); x a,b,c Harrison, (1957); —, Heylen (1959). (From Heylen, 
1959.) 
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conclusions of Heylen. Further detailed studies in controlled conditions 
are required. 


Attaching Gases. The recent investigations in the common attaching 
gases, viz., air (Harrison and Geballe, 1953; Prasad, 1959; Prasad and 
Craggs, 1960b; Dutton et al., 1960), oxygen (Harrison and Geballe, 
1953; Prasad and Craggs, 1961; Schlumbohm, 1959), carbon monoxide 
(Bhalla and Craggs, 196la), carbon dioxide (Bhalla and Craggs, 
1960), and water vapor (Prasad and Craggs, 1960a) are of considerable 
interest since simultaneous evaluations of both «/p and /p are available 
from these studies, and these clearly 
demonstrate the errors in the evalua- 
tions of a/pwhen attachment is either 
neglected or is not detected. These 
various investigators show that the 
a/p data from the earlier studies 
in these gases, except in carbon 
monoxide, approximate closely to 
(« — n)/p, particularly at low E/p’s, 
because of the neglect of attachment 
(Fig. 8). The studies of Prasad and 
Craggs (1960a) in humid (Fig. 18) 
air are of some interest in view of the 
relative importance of this gas in 
practical open air spark gaps. These 
measurements clearly demonstrate 
the marked increase in both «/p and 
n/p in air with the addition of water 
30 40 50 so vapor. The investigations of Bhalla 

E/p (v emi! mmHg") and Craggs (1960, 1961a) in spectro- 

; ; scopically pure carbon monoxide 

pial Paes iar as @ and carbon dioxide, are of consider- 
function of E/p (normalized to 20°C). 5 

©, true values of «/p (Prasad, 1959, 1960); able value since no attachment has 

O, “apparent” values of a/p (Prasad, 1959, | been observed in these gases in high- 

1960); ---, values of a/p obtained by pressure electron swarm conditions. 

Harrison and Geballe (1953); x, values Further, in carbon monoxide there 


of «/p obtaine lewellyn-Jones an ee 
oes ee ae aha ori ™ have been no earlier in- 
by Sanders (1932, 1933). vestigations of either «/p or 7/p. 
The studies of Hochberg and 
Sandberg (1946) in gases with complex molecules (e.g., CCl, SFo 
C,H; Cl, etc.) indicate that their (apparent) values of «/p are considerably 


smaller than in the common molecular gases at low values of E/p (say; 


5x10"! 


10°! 


a/p 
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< 100). This feature accounts for the relatively high dielectric strengths. 
However, since no evaluations of the attachment rates were attempted 
by Hochberg and Sandberg, these results are of limited value and do 
not facilitate precise quantitative evaluation. 


3 Attachment Coefficients 


The present section gives a review of some of the recent work on measure- 
ments of attachment in swarm conditions. The variety of experimental 
techniques in this field is now very wide but, apart from giving appro- 
priate references, little detailed reference to methods is given here. 
Instead, we have emphasized the experimental results, comparison of 
which for the different techniques shows now a reasonable agreement for 
certain common gases, notably oxygen and dry and humid air. 


3.1 Basic RELATIONS 


If the probability of attachment at a collision is h, then the loss of 
population in an electron swarm in uniform drift motion and in equili- 
brium with the applied field E (volts/cm) is given by 


iy hU ‘oie hres 


W = — nnedx (11) 


where U and W are the average random and drift velocities of the elec- 
trons, A the average electron mean free path, vc is the electron collision 
frequency, and » = (hU/AW) is the attachment coefficient already 
defined. In the steady state, the number of electrons surviving attachment 
after traversing a distance d in the direction of the field is given by 
Ne = No EXP etc d) or My exp (— 7d) (12) 

where mp is the initial number of electrons. This equation, or variations 
based on it, constitutes the basis of the various experimental methods 
for the study of h or n/p as a function of E/p. 

The cross section for attachment for the electron swarm at any 
particular value of E/p (or mean energy é) is given by 


Or =hjAN = hQ (13) 
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where N is the concentration of the captor molecules and Q is the gas 
kinetic cross section or, substituting for h, 


QF = (n/p) (W/T) (1/No) (14) 


where N, is the concentration of the captor molecules at p = 1 mm Hg 
and the appropriate temperature. The quantitus W and U are related by 
the expression 


W = 0.75 Eed/mU. (15) 


In the foregoing analysis it has been assumed that ionization of the gas 
is negligible. If, however, ionization occurs to a limited extent, 7 in the 
preceding equations is to be replaced by (7 — a). In view of this assump- 
tion, the experimental methods based on the survival equation above 
are restricted to conditions where 7 > aq, i.e., to low values of E/p. 


3.2 DETERMINATION OF ATTACHMENT COEFFICIENTS 
AT Low ENERGIES IN GASES 


3.2.1 Microwave Methods 


The microwave deionization method, due originally to Biondi and 
Brown at M.I.T., has primarily been used to study recombination and 
diffusion processes. Biondi (1951), however, published a brief note 
indicating the value of the method for the determination of attachment 
coefficients for electrons of thermal energies. 

If recombination (coefficient «’ to avoid confusion with Townsend’s a 
coefficient in this chapter) is the deionizing mechanism, then 


dn 

a = — a'n,me = — a'n? (16) 
where me and n, are the electron and ion densities. Then if n = n, 
and n, at times ¢t, and ¢, after the beginning of the deionization period, 
then 


l 1 
Sa ea (RF 17 
Ny my a'(ty 1) (17) 
for constant electron temperature. This gives a linear plot of 1/n against t. 
For attachment, we have 

dne 


a => nehve = nehNUOQ. (18) 
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Put Oh = QF = attachment cross section, so that 
. ld 
2 = Ne a 8% 


and the slope of the linear plot of log me with ¢ gives the attachment 
cross section in the absence of complicating factors, as shown by Sexton 
and associates (1960), who discussed the situation at the time of the 
Uppsala conference, and proceed to show, for oxygen as in Biondi’s 
earlier results, an attachment cross section of ~ 10-?* cm?, as compared 
with the Bloch-Bradbury (1935) value of ~ 10-!® cm®. Sexton et al. 
(1960) discuss this situation in some detail and Biondi (1960) at the 
same conference also refers to it. A likely explanation of the discrepancy 
was put forward some years ago by Hopwood in Liverpool (see Craggs, 
1957), i.e., that collisions of the negative ions with vibrationally excited 
neutral molecules would give detachment, and so a production of free 
electrons tending to balance the loss due to attachment. If this were 
true, then data taken at very low pressures of oxygen alone, or with 
oxygen at low pressure mixed with a suitable “neutral” buffer gas at 
higher pressure to reduce the diffusion loss, would show higher capture 
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Fic. 9. A comparison of various measurements of the attachment cross section in 
iodine. The curves of Buchdahl and of Healey represent cross sections averaged over 
the particular energy distributions used in their measurements; present experiments 
tefer to Biondi and Fox (1958). (From Biondi and Fox, 1958.) 
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cross sections. Rogers and Biondi (Biondi, 1960) report early results 
on these lines which show qualitative agreement with the Chanin drift 
tube data (q.v.). Sexton, Lennon, and their collaborators in Liverpool 
have been engaged in studies of this kind, for some years and cannot yet 
report unequivocal data supporting the 10-19 cm? oxygen capture cross 
section value, although their recent data approach this value and cer- 
tainly considerably exceed the 10-2? cm? value. 

Biondi (1958) has reported careful microwave measurements of 
absolute cross sections for dissociative attachment in iodine at 300°K. 
The process is 


Types (19) 


The iodine vapor pressure varied over a wide range but was always 
much less than the pressure of helium (3 mm Hg) present as a buffer 
gas, i.e., to thermalize the electron energies in the afterglow and to 
prevent serious diffusion of electrons to the cavity walls. The latter 
would vitiate the measurements of attachment if the iodine only were 
present at the pressures used. The attachment (swarm) cross section 
in iodine is found to be QF = 3.9 x 10716 cm?. 
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Fic. 10. The attachment cross section as a function of electron energy in iodine. 
The solid circles represent the measured values of o (E’) described in Fox (1958), the 
solid line the derived curve of the actual cross section o(£) obtained by solution of an 
integral equation. The dashed line represents the fit of the data obtained with this choice 
of o(£). (From Biondi and Fox, 1958.) 
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Fox (1958) confirmed the above process in iodine with a mass spectro- 
meter using the RPD technique, etc., and showed that the maximum 
attachment cross section occurs for electrons with nearly zero energy, 
with a capture cross section falling to half-value in about 0.03 ev. Some 
difficulty was experienced in these experiments due to I- from HI, 
probably formed by dissociated iodine reacting with water of crystalliza- 
tion in the glass tube. Biondi and Fox (1958) determined, from the 
above results, the absolute cross sections for electron capture in iodine, 
allowing for the electron energy distribution in the beam, etc., and the 
maximum cross section thus derived is about 3 x 10715 cm?, a very high 
value. Various data are shown in Figs. 9 and 10, giving a comparison 
with Buchdahl’s (1941) earlier values, and are discussed at length in the 
paper cited. 


3.2.2 Drift Tube Methods (Thermal) 


Chanin (1959) has used a drift tube technique for studying attachment 
in oxygen at low values of E/p and data have been published by Chanin 
and associates (1959), who give data for (Fig. 11) a three-body, pressure- 
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Fic. 11. Energy dependence of the three-body attachment coefficient for oxygen 
at 300° and 77°K. The solid points were obtained from measurements of attachment 


coefficients in oxygen-helium mixtures containing 1-5% of oxygen. (From Chanin e¢ al., 
1959.) 


dependent process of attachment for which the Bloch-Bradbury theory 
(1935) is presumably applicable, i.e., 


O, + e—- O;* > O7. (20) 


The second stage, i.e., the stabilization of the excited molecular negative 
ion is possible if the density of third bodies, in this case oxygen molecules, 
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is sufficiently high. Figure 12 shows the transition to the pressure- 
independent process, studied by many other workers (cf. § 3.3) at higher 
E|p’s. 
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Fic. 12. Measured attachment coefficients (7/p) as a function of E/p for pure O, 
at 300°K. Drift distances of 2.5 and 10 cm were used. (From Chanin e¢ al., 1959.) 


The data of Fig. 11 are probably the first on this pressure-dependent 
process. By defining an attachment frequency vg = 7W (in which 7 is 
a generalized attachment coefficient), Chanin et al. describe the two- 
and three-body processes by 


va = BN + KN? (21) 


Here B is the two-body attachment coefficient, K is the three-body 
coefficient, and N is the gas density. Figure 13 shows the f values 
compared with those due to Craggs et al. (1957) (§ 3.3.3 and § 3.3.4), 
and Fig. 11 gives the K coefficient as a function of mean electron energy. 
K-values due to Bortner and Hurst (1958) who later confirmed the data 
of Chanin et al. are some 10 % lower. Chatterton in Liverpool (§ 3.3.1) 
was also able to obtain supporting data with the Bradbury filter (§ 3.3.1) 
over the energy range 0.6-1.2 ev, 15-30 mm Hg pressure (Fig. 14 and 
Table III). The agreement here between the two sets of data is satis- 
factory. 
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TABLE III 


ATTACHMENT COEFFICIENTS IN OXYGEN 








K (Chanin K E|p E p nlp 
et al.) (Chatterton) volts/- mean electron 
cm®/sec X 10° x 10%° cm/mm Hg _ energy (ev) mm Hg cm/mm Hg 
1.15 1.15 1.97 1.033 15.8 0.0072 
1 095 1.02 2.00 1.035 20 0.0075 
1.08 1.1 2.06 1.05 30.2 0.0132 
10"'9 
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Present Measurements 
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Fic. 13. Energy dependence of the two-body attachment coefficient. The dashed 
curve was obtained by averaging the cross sections measured by Craggs et al. (1957) 
over a Druyvesteyn electron energy distribution for various average energies. Present 
measurements refer to Chanin (1959). (From Chanin, 1959.) 
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Fic. 14. Three-body attachment in oxygen at various mean electron energies. 
I, Chanin et al. (1959); II, Chatterton (1961). 


3.3. ATTACHMENT COEFFICIENTS AT HIGH ENERGIES IN GASES 


3.3.1 Method of Bradbury 


The Bradbury electron filter method used to study attachment 
coefficients at E/p’s ~ 4 to 30 is well known (Bradbury, 1933). 

Kuffel (1959) working in the A.E.I. (Manchester) Research Labora- 
tories obtained results using a Bradbury filter with oxygen, dry air, 
humid air, and water vapor. His data (for oxygen) are shown in Fig. 15. 
They do not agree as closely as may be desired with the data of Chatterton 
for oxygen who made, apparently, a fuller study of ion loss, etc., and 
whose data are also in better agreement with those of Prasad and the 
other later workers. 

The most comprehensive study of the Bradbury electron filter for use 
in measurements of attachment coefficients is, we believe, that due to 
Chatterton in Liverpool, following earlier work by Twiddy and Hopwood 
in the same laboratory. Chatterton particularly studied certain possible 
sources of error, neglected partly or wholly by previous workers, namely, 
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(1) diffusion losses of electrons in the discharge, (2) collection of negative 
ions at the rf grids, and (3) current multiplication at the grids, including 
ionization, secondary emission of electrons, and electron detachment. 
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Fic. 15. Values of 7/p as a function of E/p in dry oxygen (normalized to 20°C). 
a, Prasad and Craggs (1961); b, Harrison and Geballe (1953); c, Bradbury (1933); 
d, Kuffel (1959); e, Herreng (1952); f, Doehring (1952); g, Chanin et al. (1959); h, Huxley 
et al. (1959). (From Prasad and Craggs, 1961.) 


The falloff in n/p shown in Bradbury’s earlier work on oxygen (1933) 
has now been found (cf. Harrison and Geballe, 1953; Craggs et al., 1957) 
to be spurious, and to be due to ionization (Townsend’s « process) and 
to diffusion losses, etc. 

The results of Bradbury (1933) and Kuffel (1959) are probably not 
reliable over their whole range, because of neglect of the above sources 
of error. 


3.3.2 The Diffusion Methods 


The experimental methods of Bailey (1925; Bailey and Duncanson, 
1930) and Huxley et al. (1959) are based on the measurement of the 
lateral diffusion of a mixed stream of electrons and negative ions in 
uniform drift motion and in equilibrium with the applied field, although 
they differ considerably in detail. 

The probabilities of attachment at a collision and attachment coef- 
ficients in a wide variety of gases (chlorine, bromine, iodine, hydrogen 
chloride, water vapor, ammonia, oxygen, nitrous oxide, and dry air) 
were obtained by Bailey and others and the results of these investigations 
have been compiled by Healey and Reed (1941). However, in view of the 
complexity of the equipment and the consequent uncertainty in the gas 
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purity, apart from the errors arising from the loss of electrons by 
diffusion, etc., particularly at high values of E/p, the results of these 
investigations are in general somewhat uncertain and require confirma- 
tion by independent experiments using modern techniques. In the 
few instances where such data are available from other experiments (e.g., 
oxygen, air, water vapor), the results obtained by Bailey et al. show 
marked departures which can be attributed only to errors inherent in 
this technique (Prasad and Craggs, 1960a, b, 1961). 

This method of Bailey, although ingenious, is superseded by the more 
recent and relatively simpler experimental method of Huxley et al. 
(1959). In these experiments, a mixed stream of photoelectrons and 
negative ions enters a diffusion chamber through an orifice (sufficiently 
small to be approximated to a point source). After traversing a known 
distance (#) under the action of the applied field, the stream is fully 
intercepted by an anode consisting of a central disk and two outer 
annuli. Uniformity of the applied field in the drift space is ensured by 
means of suitable guard rings. Under these conditions, the ratio R 
of the current received by the inner annulus to the total current received 
by both annuli is a function ¢ of (W/D, n, h, a, b) where D is the dif- 
fusion coefficient of electrons, and a and b are the inner and the outer 
radii of the inner annulus (Huxley, 1959). From diffusion theory 
(Townsend, 1947; Loeb, 1955), the ratio W/D = 40.3 E/Aky, where kr 
is Townsend’s energy factor defined as the ratio of the average energy 
of the electrons to the thermal energy of the gas molecules at T = 15°C, 
and A is a numerical constant which depends on the electron energy 
distribution (Huxley and Zaazou, 1949). Here the lateral diffusion of 
the ions formed is neglected and the central disk is made large enough 
to intercept all the ions. A set of theoretical curves are accordingly 
prepared showing R as a function of 7 and a parameter involving W/D 
and for given values of h. At any given E/p, from measurements of R 
at two values of h, the quantities k; and y are obtained simultaneously 
from the theoretical curves by interpolation and successive approxima- 
tions. The method has the inherent advantage of allowing the simultane- 
ous determination of the mean energy of the electron Swarm and 
attachment coefficients, as functions of E/p. 

However, to date Huxley et al. (1959) appeared to have investigated 
only attachment in oxygen by this method up to E/p = 20 (Fig. 15). 
The results are in-excellent agreement with the data obtained from the 
independent experiments of Chanin (1959). They constitute perhaps 
the best available data in oxygen at low E/p. 
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3.3.3. The Drift Tube or Dynamic Methods 


While the methods mentioned previously are essentially steady- 
state studies of the electron population, alternative experiments based on 
the measurement of the time-dependent currents due to the arrival at 
the anode of ions (formed in the gas) and the (surviving) electrons, when 
a burst of initiatory electrons are released in the gas (or at the cathode), 
were developed by Herreng (1952), Doehring (1952), McAfee (1955), 
and Chanin et al. (1959). Of these, the methods of Doehring and Chanin 
et al. differ only in experimental detail and will therefore be discussed 
together. 

In the method of Herreng (1952), a well-collimated thin slab of 
X-rays was flashed parallel to the anode in a uniform field gap (approxi- 
mately 12-cm separation) at known distances from the anode. This 
X-ray ionization was flashed in a pulse of 1 psec duration at 50 per 
second. The ions and electrons following any pulse were drawn to the 
anode by the applied field. On a fast time scale, the resultant current 
at the anode measured on a cathode-ray oscilloscope represented the 
arrival of electrons which survived attachment in traversing the distance 
d, from the X-ray slab to the anode. Herreng (1952) has shown that if the 
current pulses 7, and 7, are measured for two different distances (d, and 
d,) of the X-ray slab from the anode, 


ty —hU jd, — 4, 
TP (a ) ; (22) 
the value of A and thence 7/p could be obtained. The method further 
yielded the drift velocity of the electrons. 

In contrast to the above method, Doehring and Chanin et al. investi- 
gated on a slow time scale the current at the anode, resulting from the 
arrival of the negative ions created in the gap. If a pulse of mp initiatory 
electrons are released at the cathode (at distance d from the anode) at 
time ¢ = 0, then neglecting the initial component due to the arrival of 
the surviving electrons, the current at the anode is given by 


I,=Aexp(nWit) for t<d/W; 
and I,=0O for t>d/W, 





(23) 


where A is a constant and W the drift velocity of the ions, all of which 
are assumed to be of the same species. If the latter is not true, the 
€quation is to be modified accordingly. In practice, however, the transi- 
tion at t = d/W, is not sharp but has a finite time spread At due to 
diffusion and other secondary effects. From measurements of J,, 7, and 
W, may be evaluated as f(E/p). 
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In these experiments a wire mesh grid incorporated near the anode 
end of the drift space could be pulsed by means of appropriate square- 
wave potentials, to act effectively as a ‘shutter’? which could be “‘opened” 
for brief periods at known intervals of time after the initiatory electron 
pulse and thus facilitated the measurements of the ionic currents as 
functions of time. 

In the experiments of Doehring the initiatory electron pulse was itself 
produced by means of yet another ‘‘shutter” in conjunction with a 
thermionic electron source and synchronized with the ‘‘exit shutter” 
at the anode end. 

In the experiments of Chanin et al., on the other hand, the initiatory 
electron pulse was obtained from a photocathode by pulsing a uv light 
source in synchronization with the “exit shutter.”’ Further, it is easily 
seen that by pulsing the shutter on fast time scales the drift velocity of 
electrons can be obtained simultaneously in both methods. 

In the experiments of McAfee (1955) the “shutters” were dispensed 
with entirely and the total current pulse (ionic and electronic) was 
measured at the anode. The separation of the electronic and ionic 
components was then achieved from a study of the transient current 
flowing immediately after the initiation and the termination of the 
initiatory electron pulse. The latter was produced as in Chanin’s 
experiments, by the use of a photocathode and a pulsed light source. 

As in the case of the diffusion method of Huxley, the dynamic methods 
of Herreng, Doehring, and Chanin et al. outlined previously appear to 
have been utilized to date for the study of attachment in oxygen only 
(Fig. 15). From Fig. 15 it is seen that the results obtained by Herreng 
(1952) deviated markedly from those of Chanin et al., Doehring, or 
Huxley (1959), and in view of the remarkable consistency in the data 
obtained by the latter three workers, these deviations can only be 
attributed at present to experimental errors or errors inherent in the 
technique. The data of Chanin et al. together with those of Huxley 
(Fig. 12) constitute perhaps the most valuable data available to date in 
oxygen at low E/p and clearly demonstrate the progressive onset of the 
pressure-independent two-body attachment for E/p>5, thereby 
eliminating the inconsistency and the uncertainty of the earlier inter- 
pretations of attachment in oxygen (Bradbury, 1933) in these conditions. 

In summary, it would appear that the experimental methods of Huxley 
et al. and Chanin are inherently simpler and consequently superior to 
the other methods described above. However, all the experimental 
methods described suffer from some common limitations, namely: 

(a) The experiments are restricted in general to conditions where 
n/p > a/p, i.e.; to low values of E/p and low electron energies. If electron 
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attachment occurs at relatively high energies (cf. the case of carbon 
monoxide, § 1.2), the simultaneous onset of appreciable ionization 
would distort the measurements and in some cases prevent the detection 
of attachment. 


(b) The experiments in general are conducted at low pressures 
(p ~ 10 mm Hg) and are affected profoundly by the loss of electrons by 
diffusion. 


(c) In the case of the experiments employing grids as shutters, 
penetration of the grid fields into the drift space and other secondary 
effects due to the grids distort the measurements. 


3.3.4 The Method of Townsend and the Avalanche Method 


For the study of attachment at relatively high values of E/p (E/p > 25 
to 30 in common attaching gases), the experimental method of Townsend 
and the avalanche method of Raether and others (cf. Schlumbohm, 
1959) can be employed with appropriate modifications to the basic 
equations, as outlined in § 2.2.2. The limitations of these methods have 
already been discussed. 

In addition to the steady-state Townsend method, a pulsed method 
for the study of ionic drift velocities and attachment has been developed 
by Burch and Geballe (1957). In principle, the experimental method is 
somewhat similar to that of McAfee. The results obtained are, however, 
of an indirect nature and the method is not discussed any further here. 

Attachment coefficients have been obtained by Harrison and Geballe 
(1953; see also Loeb, 1955) at low pressures (p ~ tens of mm Hg) in a 
wide variety of highly attaching (and consequently high dielectric 
strength) gases (CCI, F,,SF,, CCl,, CF,SF;) and in oxygen and dry air, and 
by Howard (1957, 1958) in CF, utilizing the modified Townsend method. 
Similarly, data regarding attachment coefficients have been obtained 
over a wide range of pressures (p ~ few tens to a few hundreds of 
mm Hg) in dry air (Prasad, 1959; Dutton et al., 1960), humid air and 
water vapor (Prasad and Craggs (1960a), oxygen (Prasad and Craggs, 
1961), carbon dioxide (Bhalla and Craggs, 1960), carbon monoxide 
(Bhalla and Craggs, 1961a), and sulfur hexafluoride (Bhalla and Craggs, 
1961b) utilizing this method. The avalanche method, on the other hand, 
appears to have been used so far for the study of attachment coefficients 
in oxygen only (Schlumbohm, 1959), and the data appear to be in 
broad agreement with those of Harrison and Geballe and Prasad and 
Craggs if due allowances are made for the relatively poor accuracies 
attainable in this technique. 
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Oxygen. In view of the fact that attachment in oxygen has been 
studied by numerous investigators using a variety of techniques for 
E/p > 5, it is instructive to compare the results obtained in some of 
these investigations (Fig. 15). 

It is seen that 7/p is in general pressure independent over 5 < E/p < 
60 and p = few mm Hg to 600 mm Hg (Prasad and Craggs, 1961). 
However, apart from the measurements of Huxley et al. (1959), Chanin 
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Fic. 16. Mean values of attachment cross sections in oxygen for a Druyvesteyn form 
of electron energy distribution. a, calculated from the data of Craggs et al. (1957); b, cal- 
culated from the data of Buchel’nikova (1958b); ©, Prasad and Craggs (1961); ®, 
Harrison and Geballe (1953); x, Huxley et al. (1959); +, Chanin et al. (1959). (From 
Prasad and Craggs, 1961.) 
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(1959), and Doehring (1952), the agreement in »/p at low values of E/p 
is relatively poor. Similarly at high E/p, the results of Harrison and 
Geballe (1953) and Prasad and Craggs (1961) appear to diverge con- 
siderably. These differences have been considered at legth by Prasad and 
Craggs and it has been shown that the results of Huxley et al., Chanin, 
and Prasad and Craggs were in fact consistent despite their marked 
deviations from the other measurements. It would therefore appear that 
the 7/p, E/p curve has a broad maximum at E/p = 10 to 15 and there- 
after declines relatively slowly. Some recent observations of 7/p in 
oxygen obtained by Chatterton (1961) employing the method of 
Bradbury where the results were corrected for the various intrinsic 
errors outlined earlier in §3.3.1 appears further to confirm this 
conclusion. 

Further, the mean cross sections for attachment for electron swarms 
of various mean energies have been computed by Prasad and Craggs 
(1961) from the cross sections for the dissociative attachment in oxygen 
obtained in electron beam experiments by Craggs et al. (1957) and 
Buchel’nikova (1958b). These calculations (Fig. 16) show that the 
attachment in oxygen in these various high-pressure (from ~ few mm Hg 
to ~ few hundred mm Hg) swarm experiments is consistent with the 
two-body dissociative process if the electron energy distribution is 
assumed to be of a Druyvesteyn form in agreement with Chanin’s 
conclusions (see Fig. 13). Under these conditions, the observed attach- 
ment in the swarm experiments has been shown to be consistent 
with the cross-section data of Buchel’nikova (Fig. 16). In addition, 
from a comparison of the computed mean cross sections for ionization 
with those observed in the swarm experiments, Prasad and Craggs 
postulate that an electron energy distribution of the Druyvesteyn form 
is adequate to describe ionization in the high-pressure experiments 


(Fig. 17). 


Air. From similar considerations, Prasad and Craggs (1960b) have 
shown that the observed attachment rates in dry air (Fig. 18) are con- 
sistent with the dissociative attachment in the constituent oxygen if the 
electron energy distribution is assumed to be of a Maxwellian form. 
The measurements of Kuffel (1959) and Prasad and Craggs (1960a) 
in humid air (Fig. 18) indicate that attachment in air is profoundly 
influenced by the presence of even traces of water vapor. Prasad (1960) 
has put forth quantitative preliminary interpretation for these high rates 
of attachment in humid air in terms of the attachment in the constituent 


Water vapor and oxygen assuming a Maxwellian electron energy distribu- 
tion, 


240 


1077) 








wr?! 


Mean Electron Energy (ev) 


Fic. 17. Mean values of ionization cross 
sections in oxygen. Maxwellian form of 
electron energy distribution. a, calculated 
from the data of Tate and Smith (1932); 
b, calculated from the data of Craggs et al. 
(1957); c, observed values from Prasad and 
Craggs (1961) and Harrison and Geballe 
(1953); a’, b’, and c’ represent the corres- 
ponding data for a Druyvesteyn form of 
electron energy distribution. (From Prasad 
and Craggs, 1961.) 
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Fic. 18. Values of 7/p as a function 
of E/p in humid air for various values of 
partial pressure of water vapor (Prasad and 
Craggs, 1960a). A, dry air; B, 150/2.5/Pt; 
+, 300/5/Pt; C, 150/5/D; x, 300/10/Pt; 
D, 150/9/D; E, 150/15/D; F, Kuffel (1959); 
G, Kuffel (1959). (These figures represent 
the total pressure of humid air and the 
partial pressure of water vapor; Pt = 
obtained with a platinum cathode; D = 
obtained with a dural cathode.) 


Carbon dioxide. The data obtained by Bhalla and Craggs in carbon 
dioxide are of some interest since no attachment had been observed in 
this gas in the earlier studies, due both to the relatively high energies 
at which attachment occurs and to the considerably smaller cross sections 
(Fig. 3). Despite these considerations, Chatterton (1961) has also obtained 
values of 7/p at low E/p utilizing the method of Bradbury with consider- 
able care. The two sets of data are shown in Fig. 19 and appear to be in 
satisfactory agreement. The correlation of the cross sections for attach- 
ment from these data with the corresponding computed cross sections, 
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however, appears to be somewhat difficult (Bhalla and Craggs, 1960) 
and indicates an unusual electron energy distribution in this gas. 
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Fic. 19. Values of y/p as a function of E/p in carbon dioxide. The values of Chatterton 
are from Chatterton (1961). (From Bhalla and Craggs, 1960.) 


Carbon Monoxide. Similarly, the data obtained in carbon monoxide 
are of interest since there appear to be no other quantitative results on 
attachment in this gas, although Bhalla and Craggs (1961a) show that at 
high values of E/p the «/p and 1/p data obtained are apt to be in error 
due to appreciable contributions from the ion pair processes which 
have a cross section comparable with that of the dissociative process 


(§ 1.2). 


Highly Attaching Gases. The observations of Harrison and Geballe 
(Loeb, 1955) and Howard in the strongly attaching gases already referred 
to are of considerable interest in view of the high dielectric strength of 
these gases. These indicate very high attachment rates which dominate 
the ionization rates up to relatively high values of E/p and thus account 
for the high dielectric strength of these gases (cf. Meek and Craggs, 
1953). The attachment coefficients obtained by Harrison and Geballe 
(and by Bhalla and Craggs, 1961b) and McAfee (§ 3.3.3) in sulfur 
hexafluoride show marked deviations for which no satisfactory explanation 
1s available at present. It is possible that the differences in the initial 
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energy of the photoelectrons in the two types of experiments is to some 
extent responsible for these since the dominant attachment processes in 
sulfur hexafluoride occur at very low energies. 
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Electrons and positive ions may unite by collisional-radiative recom- 
bination (a complex process tending to radiative recombination in the 
low plasma density limit and to collisional recombination in the high 
plasma density limit) or by a process (such as dielectronic recombination 
or dissociative recombination) involving a free-bound radiationless 
transition. These processes are described in § 1 and § 2 and an account 
is given of the theoretical work relating to them. Accurate calculations on 
the rate coefficients have been carried out in only a few cases. The 
experimental results are summarized in § 3. It is often difficult to identify 
the particular process studied with certainty. 


1 Collisional-Radiative Recombination 


Recombination between electrons and even the simplest positive ions, 
those of hydrogen, normally involves a complicated sequence of 
events. 

Energy is liberated in a transition from the free state to a bound 
State. This energy may be radiated 


H+ + e—> H(p) + hy (1) 
245 
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(p denoting the principal quantum number of the level entered); or it 
may be given to another electron. 


H++e+e—>H(p) +e. (2) 


These processes cannot in general be considered in isolation. The 
atoms formed (many of which are initially in high quantum levels) may 
be re-ionized by the inverse of (2)*; that is, by 


H(p) + e>Ht++e-+e; (3) 
they may suffer collisional de-excitation 


H(p)+e>Hg)+e 9<p, (4) 
or excitation 
H(p) +e>Hg) +e, 9>p; (5) 


or they may take part in line emission 


H(p) > Hq) +h, 9 <p, (6) 


or absorption 
H(p) + hv>HQ), 9>p (7) 


(the radiation concerned originating within the plasma). It is apparent 
that an electron may flit through many different states before reaching 
the ls state around the proton to which it ultimately becomes attached. 

Bates et al. (1962) have suggested that the met loss mechanism depend- 
ing on the interacting processes listed be called collisional-radiative decay. 

The well-known radiative recombination is the limiting form assumed 
by this general mechanism in plasmas in which the number density of 
free electrons m(c) is too low for the collisional processes (2) and (3) to 
have an appreciable effect. In such plasmas the recombination coefficient 
a, defined by the equation 


it = — an(c)n(P*) (8) 


where n(P+) is the number density of positive ions, is naturally indepen- 
dent of n(c) since it describes the rate of (1) which is a two-body process. 

Collisional recombination is another limiting form. It controls the 
initial of stage the decay of plasmas in which n(c) is so high that the 


t The inverse of (1) is unimportant in the present connection and will be ignored. 
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radiative prosesses (1), (6), and (7) may be neglected compared with the 
competing processes. Since (2) is a three-body process, « is proportional 
to n(c) in the important early part of the collisional-recombination range. 

It should be noted that though processes (6) and (7) do not influence 
the decay when n(c) is either low or high, they may do so when 
n(c) is moderate. 


1.1 Piasmas oF Low DEnsITY 


References to the main early work on radiative recombination have 
been given by Massey and Burhop (1952) and Allen (1955). 


1.1.1 Hydrogenic Ions 


The rate coefficient in the case of hydrogenic ions may be calculated 
exactly, but the labor entailed rises rapidly as the principal quantum 
number 7 is increased. Seaton (1959a) has greatly improved the position 
by making use of the asymptotic expansion for the Kramers-Gaunt g 
factor: 


g(n, e) = 1 + 0.1728n-2/3 (u + 1)-2/3 (u — 1) 
— 0.0496n-43 (w + 1)-4 (u? + y Ei (Oy 

with 
u=ne (10) 


where, if Ze is the nuclear charge, Ze is the energy of the free 
electron in Rydberg units (Menzel and Pekeris, 1935; Burgess, 1958). 
The recombination coefficient at temperature T into level n may be 
written 


a,(Z, T) = DZx3!? S (A) (11) 
where, if a, is the fine structure constant, 


6 1/2 ; 
d= = () afca, = 5.197 x 10-'4 cm/sec, (12) 


A = hRcZ*{kT = 157,890 Z2/T, (13) 
Xx, = Aln?, (14) 
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and 


S,(A) = I. Me PRP) ay, (15) 


If only the leading term of (9) is retained, which is an approximation 
frequently employed, (15) reduces to 


S°(x_) = exp (Xn) Et(xn), (16) 


Gi(x,) denoting the exponential integral. Seaton has prepared tables 
from which the contributions from the next two terms may be found. 
He estimates that the error in the derived recombination coefficient 
should not exceed 2 % if T is 104 Z? °K or less but that it may be more 
serious if T is of order 10° Z? °K. 

The computed values of the partial radiative recombination coeffi- 
cients «,(1, J) for n = 1 to 12, T = 250 °K (x 2) 64,000 °K and the 


total radiative recombination coefficient 


es(1, T) = > o(1, 7) (17) 


n=1 


are given in Table I (Bates et al., 1960). 
When the mean thermal energy is small compared with the ionization 
potential of the mth level, then 


o,(1, T) 0c n-2 7-12 (18) 
and, when it is large, then 
27 
-3T-3/2 _# oe: 
an(1, T) 0c nT }in [ rer R90 | ~ 0-572 
+ 8.56 x 10-871/8 — 2.3 x 10-5T?/3) . (19) 


As would be expected from (18) and (19) the contribution of the excited 
levels to a;(1, T) is greater when T is low than when T is high. The 
variation of «;(1, T) is about as T-°-’. 

Because of formula (11) Table I may be scaled to apply to the case of 
nuclei of charge Ze simply by multiplying the entries in the temperature 
row by Z? and those in the recombination coefficient rows by Z. For 
fixed T, a;(Z, T) varies as Z?-* (approximately). 

It is sometimes necessary to know the contribution, a,(Z, T), to the 
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radiative recombination coefficient from each nl level. If T is low it is 
permissible to write 


a (1, T) = {anu/ Te} 10-12 cm3/sec (20) 


TABLE I 


RabDIATIVE RECOMBINATION TO H+ Ions” ° 





Principle Rate coefficient (cm/sec) «,(1, T) 


quantum 
number 250 500 1000 2000 4000 8000 16,000 32,000 64,000 °K 








1.02-! 7.17-* 5.07-!8 3.56-18 2.50718 1.74718 1.20718 8.02-14 5.19-14 
5.66718 3.98-18 2.79-18 1.94-18 1.32-8 8.80- 5.63-M4 3.42-4 1.95-14 
3.90-18 2.72-38 1.88718 1.28715 8.44-™ 5.33-14 3.19-14 1.80-! 9.46-15 
2.95-18 2.04-#8 1.40-18 9,.23-*4 5.86-! 3.53-™ 2.00-“ 1.06-%4 5.33-16 
2.36718 1.62718 1.08-15 6.99-¥4 4.29-14 2.48-14 1.35-4 6.87-15 3.32-18 
1.96-18 1.33-18 8.70-14 5.48-34 3.26-14 1.82-14 9.53-35 4.71-1§ 2.22-15 
1.66-** 1.11-** 7.16-™ 4.39- 2.54-14 1.38-1 7.02-1% 3.39-1§ 1.56718 
1.43-15 9.46-™4 5.99-4 3.59-14 2.02-4 1.07-™ 5.34-% 2.53-15 1.14715 
1.25-# 8.17-*4 5.08-*4 2.98-*4 1.64-14 8.51-% 4.16-1© 1.93-15 8.66778 
10 L.11- 7.13-* 4.36-™ 2:51-** 1,35-“ 6.88-15 3.31-% 1.52-'* 6.727% 
11 9.88- 6.27-! 3.77- 2.13- 1.13-M 5.65- 2.68-1% 1.22-1% 5.3318 
12 8.87-*4 5.56714 3.29-14 1.83-14 9.53-1 4.71-4 2.21-1 9.89-18 4.30-16 


OMWANHDNARWN— 


as(1,T) 4.8472? 3.12-1? 1.99-12 1.26712 7.85-18 4.83-18 2.93-18 1.73-18 1.00738 


2 Bates et al. (1960). 
> The indices indicate the powers of 10 by which the entries must be multiplied. 


TABLE II 


PARAMETERS @,; APPEARING IN Eq. (20) oF TExT? 











l 
n 
0 1 2: 3 
1 16.5 
2 2.4 6.6 
3 0.81 2.5 2.9 
4 0.38 12 1.8 1.5 





* There is a slight discrepancy between the first entry and the first row of Table I 
(which is less accurate). 
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where a, is as given in Table IJ. The most extensive calculations are 
those carried out for high T by Burgess (1958). Table III contains the 
10,000 °K set of values of a quantity {(m, 1) which determines «,((1, T) 
through the relation 


easy = (2) (Sema) ALY, 


TABLE III 


RELATIVE CONTRIBUTIONS f(7, /) TO RADIATIVE RECOMBINATION BETWEEN 
IONS AND ELECTRONS AT 10,000 °K? 











1757 

261 600 

87.3. 227 =193 

40.5 108 121 61.9 

22.2 58.8 74.5 55.0 19.9 

13.5 35.2 47.8 41.8 22.8 6.52 

8.85 22.6 32.1 31.4 208 9.16 2.23 

6.11 15.3 22.3 23.3 17.6 9.57 3.62 0.787 

9 439 108 160 17.4 14.3 8.88 4.18 1.43 0.289 

10 3.27 7.90 11.8 13.4 11.6 7.94 4.27 1.79 0.560 0.111 

11 2.49 5.95 885 10.2 9.42 691 4.09 1.97 0.767 0.226 0.043 
12. 1.94 4.45 6.78 8.05 7.63 5.99 3.80 2.04 0.919 0.339 0.094 0.017 


ONDUNUAWN 


2 Burgess (1958). 


Burgess also gives the 20,000 °K set. The relative importance of levels 
of low / is an increasing function of T but the effect is not very marked 
(cf. Bates et al., 1939). 

Much theoretical work has been done on hydrogenic recombination 
spectra in connection with nebular studies (Baker and Menzel, 1938; 
Searle, 1958; Burgess, 1958; Seaton, 1959b, 1960). 

Following Baker and Menzel (1938) it is customary to consider two 
cases: case A, a plasma which is optically thin towards all radiation; 
and case B, a plasma which is optically thick towards the Lyman lines 
but is otherwise thin. The rate of entering an excited level n’l’ by radiative 
recombination and downward cascading together is equated to the rate 
of leaving the level by radiative transitions to lower levels n’’l’’ with 


n> 1, n>n", case A 


7. ELECTRONIC RECOMBINATION 251 


and 

n' > 2, n>n’ >I, case B. 
This gives a set of linear equations from which the populations in the 
different levels and hence the intensities of the emitted lines may in 
principle be evaluated. 

The intensities J,. of the Balmer lines, n — 2, are of special interest. 
Burgess (1958) has carried out calculations on them taking exactt 
account of levels with nm < 12 but taking only approximate account of 
the higher levels. Table IV compares the computed values of the 
relative intensities referred to H, as unity, 


In = nolL ae (22) 


with corresponding observed values for planetary nebulae. The agree- 
ment is excellent. 
TABLE IV 


BALMER DECREMENTS? 


Relative intensity %,—computed Relative intensity %,— 
——_—_—__— observed 
Case A Case B (mean for six 


planetary nebulae 


10,000°K 20,000°K 10,000°K 20,000°K corrected for reddening) 


2 


3 2.48 2.36 2.62 2.53 2.55 
4 1.00 1.00 1.00 1.00 1.00 
5 0.501 0.510 0.489 0.493 0.50 
6 0.288 0.296 0.276 0.280 0.29 
uw 0.181 0.188 0.172 0.174 _ 
8 0.122 0.128 0.114 0.117 = 


* Burgess (1958). 


The integrand of (15) controls the intensity distributions in the 
recombination continua. These distributions depend on the temperature 
of the plasma. Measurements on one of them enable T to be determined. 
Complications may arise from overlap with other recombination con- 
tinua and from free-free transitions (bremsstrahlung). 


1.1.2 Complex Ions 
If the photoionization cross section o,,(v) for the process 


C+ itt e (23) 


t He avoided the simplifying assumption that all quantum states of the same energy 
have equal populations (cf. Seaton, 1959b). 
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where the subscripts denote the levels occupied, is known (Chapter 3) 
the radiative recombination coefficient «,,(T) for the inverse process 


Cf +e>C, + hv (24) 
may be computed using the standard relation of Milne (1924) in the form 


w@, (24/2 exp (I,/kT)) ¢@ ; 
w, | &nt*(mkT PB? if (Av)?o,,(v) exp 








sight | dm, 25) 





I, being the ionization potential, and w, and w, being the statistical 
weights of C, and Cj, respectively. 

In many cases of interest RT <I, and v*o,,(v) does differ appreciably 
from the value vgo,;(v)) at the threshold for energies of ejection up 
to several times kT so that (25) may be written approximately as 


w@ Pale © 
aia(T) = = “GAT PmaRcz Fai(¥o) 
= 1.3 X 10°73 w,0,,(r) 


Fi = (26) 


where J, is in rydbergs, o,;(v9) is in cm*, and T is in °K. 

It is best to divide the calculation of the total recombination coefficient 
o%4»( 7) into two parts. Provided the conditions specified in the preceding 
paragraphs are satisfied, recombination into the lower levels may be 
treated by formula (26) the threshold photoionization cross sections 
required being estimated by the quantum defect method (Chapter 3) 
if they are not already known. The higher levels may be regarded as 
hydrogenict so that the coefficients given in Tables I and II may be 
adopted. 


TABLE V 


TotaL RaDIATIVE RECOMBINATION COEFFICIENTS AT 250 °K 





Ion H+ Het Lit Ct N+ O+ Net Nat Kt 





o&g5(250 °K)* 48 48 3.7 42 36 37 34 32 3.0 





2 Units: 10-!? cm3/sec. 


t Levels for which / is small may remain far from hydrogenic (cf. Burgess and Seaton, 
1960) but the contribution from them is not great (cf. Table III). 
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Table V contains some approximate values of a,;(250 °K), the sub- 
script g indicating that the recombining ion is unexcited. They are based 
on the assumption that the threshold photoionization cross sections 
from the ground levels of the atoms concerned are as recommended in 
Table I of Chapter 3 and on the assumption that all excited levels are 
hydrogenic. As would be expected the values do not differ much from 
one singly charged ion to another. 

If T is high, formula (25) must be used. Burgess and Seaton (1960) 
have carried out accurate calculations on recombination to He* ions the 
process being of astrophysical interest. They did not assume any of the 
S or P levels to be hydrogenic. Their main results are given in Table VI. 


TABLE VI 


RADIATIVE RECOMBINATION TO HeE+ (AND, FOR COMPARISON, H+) Ions* 








Atom formed: Helium Hydrogen 
Excited 
Level entered: Ground Singlets Triplets Any Any 
Temperature (°K) Recombination coefficient? 
10,000 1.59 0.63 2.10 4.31 4.17 
20,000 1.15 0.35 1.20 2.69 2.51 


* Burgess and Seaton (1960). 
> Units: 10-13 cm?/sec. 


1.2 PLasmMas oF MODERATE AND HIGH DENSITY 


Though it had long been appreciated that the recombination coeffi- 
cient in plasmas of moderate and high density must be greater than the 
recombination coefficient in plasmas of low density quantitative esti- 
mates of the effect were not made until recently when the problem was 
attacked independently by D’Angelo (1961) in Princeton, by Bates and 
Kingston (1961) in Belfast, and by McWhirter (1961) in Harwell- 
Culham. Since the treatment of Bates and Kingston and of McWhirter, 
who later combined their efforts (Bates et al., 1962) is more refined 
than that of D’Angelo, it alone will be outlined here. 

The reaction path followed by a particular electron is in general very 
complicated (p. 246) but the statistical picture is quite simple. 
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Consider an initially fully ionized plasma composed of bare nuclei of 
charge Ze and electrons and suppose that it remains optically thin 
during the period of interest. For a wide range of electron densities n(c) 
and temperatures T the population m(p) of the pth level of the one- 
electron system formed by recombination satisfies the conditions 


m(p)<nc), pl (27) 


and 


n(p) <n(1). (28) 


Table VII shows the limitations imposed on n(c) by condition (27).t 
Condition (28) is met if the mean thermal energy is much less than the 
excitation energy. 


TABLE VII 


COLLISIONAL-RADIATIVE RECOMBINATION? 





Temperature T/Z? Greatest value of n(c)/Z*X for which 
condition (27) is valid in an 
(°K) optically thin plasma (per cm*)? 

250 107? 

1000 1014 

4000 101¢ 

16,000 1078 
64,000 107° 











> Bates et al. (1962). 
> X is here the ratio of the number density of electrons to that of positive ions. 


Great simplification ensues when conditions (27) and (28) are fulfilled 
(as they usually are in practice). The relaxation time associated with 
level p (41) is then very much shorter than the relaxation time of 
level (1) or of the free electrons. In consequence, the population in 
level p (~ 1) may be regarded as growing to a quasi-equilibrium value 
instantaneously; and since n(p), (p # 1) is relatively minute, n(c) is not 
appreciably diminished by this growth. 

During the subsequent decay of the plasma each n(p), (p ~ 1) changes 
extremely slowly compared with the rates per unit volume at which 


t These limitations, though not stringent, are more severe than those imposed by the 
need to ensure that significance can be attached to the orbitals of the levels of importance 
in the recombination. 


7. ELECTRONIC RECOMBINATION 255 


systems in the level concerned are formed and destroyed. Equating 
these rates yields a set of linear equations from which the n(p)’s cor- 
responding to given n(c) and n(1) may be found. 

It may be noted that if inelastic or superelastic collisions evacuate or 
populate a level at a rate comparable with or greater than the rate at 
which radiative processes evacuate or populate the level, then elastic 
collisions will maintain a uniform distribution through the states of the 
level; and if inelastic and superelastic collisions do not do this, the 
distribution through the states does not affect the rate of collisional- 
radiative decay. 

The set of equations for the n(p)’s may be kept finite by taking advan- 
tage of the fact that when is large collisional processes are much more 
important than radiative processes so that (p) does not differ signific- 
antly from the Saha equilibrium number density 


ng(p) = p?n(c)n(P+){h®/2amkT }8/? exp {Z? (Ryd)/p?kT} 
=4.2 x 1078 {p?n(c)n(P+)/T9?} exp (157,890 Z4/p2T) (29) 


[n(P+) being as before the number density of positive ions]. 

Having evaluated the n(p)’s it is a simple task to calculate the rate at 
which 1 is populated by downward transitions from all discrete levels. 
Adding the rate at which it is populated directly from the continuum C 
and subtracting the rate at which it is evacuated by the totality of 
upward transitions, 1 > p and 1 —c gives 


dn(1) _— dn( P+) 
dt ~—-—saqt 








= yn(c)n(P*) (30) 


where y is an effective two-body rate coefficient. 

Bates, Kingston, and McWhirter took the spontaneous transition 
probabilities needed for the detailed calculations from the papers of 
Baker and Menzel (1938) and of Green et al. (1957) and derived the 
radiative recombination coefficients from the tables of Seaton (1959a) 
already mentioned (§ 1.1). They adopted rate coefficients for collisional 
excitation and ionization (and the reverse processes) based on the work 
of Gryzinski (1959) in the case of hydrogen atoms and on the work of 
Burgess (1961) and Seaton (Chapter 11) in the case of hydrogenic ions. 

If the plasma is optically thin, the coefficient defined by (30) may be 
expressed in the form 


= a — Sn(1)/n(P+) (31) 
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where a and S are functions of n(c) and T only. It is apparent that « 
is an effective recombination coefficient and that it controls the decay 
when n(c) is well above the equilibrium value. Substitution of (31) in (8) 
shows that S may be interpreted as an effective ionization coefficient. 
Bates, Kingston, and McWhirter suggest that « be called the collisional- 
radiative recombination coefficient, that S be called the collisional- 
radiative ionization coefficient, and that y be called the collisional- 
radiative decay coefficient. 

The computed values of « for H+ ions are presented in Table VIII. 
This table is carried to values of m(c) higher than condition (27) allows 
(cf. Table VII). For the lower of such values the theory in its simple 
form underestimates « during an initial period when the electron- 
reservoir formed by the excited levels is being filled but overestimates « 
during the remainder of the decay when this reservoir is being emptied. 

Reference to Table VIII shows that whereas « is a slowly decreasing 
function of T if n(c) is low, it is a very rapidly decreasing function if n(c) 
is high; and that whereas it is a rapidly increasing function of n(c) if T 
is low, it is a very slowly increasing function if T is high. 

In order to obtain some indication of what happens in alkali ion 
plasmas, Bates, Kingston, and McWhirter did calculations similar to 
those just described but with level 1 made inaccessible (so that the model 
alkali atom has an excitation potential of 1.9 ev and an ionization poten- 
tial of 3.4 ev). The results suggested that the rate of collisional-radiative 
decay is not very sensitive to the species of singly charged ion. 

Turning to the case of multiply charged ions, let a(Z; (c); T) denote 
the collisional-radiation recombination coefficient for bare nuclei of 
atomic number Z when the density and temperature of the plasma are as 
indicated. From the way in which the spontaneous transition probabili- 
ties and the radiative recombination, collisional excitation, and collisional 
ionization coefficients appropriate to hydrogenic ions scale, it may be 
shown that to a close approximation 


- o(Z; Z™n(c); Z2T) = o(1; n(c); T) (32) 


where the term on the right is what the collisional-radiative recombina- 
tion coefficient for H+ ions would be if all the hydrogenic ion formulae 
applied to H atoms. The relation greatly facilitates the presentation of 
the results of the computations. A table similar to Table VIII but for 
the hydrogenic ion case has been given by Bates et al. (1962). As would 
be expected, corresponding entries in the two tables are comparable 
in magnitude. 
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2 Recombination Involving a Free-Bound 
Radiationless Transition 


A complex atom or molecule X has series of levels with excitation 
potentials converging on the ionization potentials corresponds to the 
different levels of the ion X+. Suppose that one of the levels d of the 
series of X associated with the ionization potential J; lies within the 
continuum of the system composed of X+ in level ¢ (J; <J,) and a 
free electron (Fig. 1). Provided certain selection rules (Condon and 


J 


Z; J) 





a d 

o 

c 

WW 

b 
xX 


Fic. 1. Illustrative energy level diagram. 


Shortley, 1935; Herzberg, 1950) are satisfied, the radiationless tran- 
sition 
Xf +e>Xq (33) 


may take place in a plasma. In general this only leads to a transient 
recombination of little direct physical interest since autoionization by 
the inverse radiationless transition 


Xy> Xf +e (34) 


maintains a quasi-equilibrium in which the number density m(X4q) is 
minute. For true recombination there must be some means by which a 
neutral system which is formed can become immune to autoionization. 
If As in the probability that such stabilization occurs, the recombination 
rate is m(Xq)As, and hence the recombination coefficient is 


alles — n(X,4)Ag/n(c)n(Xt). (35) 
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It is apparent that 
X,) = —* __ny(X 36 
n(Xq A; + Aa ny(Xq) (36) 


wher A, is the probability of autoionization and m,(X,) is the number 
density in Saha equilibrium so that 


mp(Xq) a hs 7 
n(c)n(Xf)  2w, (2rmkT 2 *P a a 
€q; being the amount by which the energy of X, exceeds that of X} 
and wg and w, being the statistical weights of Xz and X}, respectively. 
Substitution from (36) and (37) in (35) yields 








AsAa Og h — €ai | 
rlss pe eon ere a 
Y= A Aa deo; QamkT PA exp | AT (38) 
Introducing lifetimes, rs and 7a, defined according to 
T= As’, Ta = Aj", (39) 
(38) may be written 
1 w h — €4; 
rlss a ___ dt 
Te ta Den; (ZamkT 2 OP (RT oe) 
2.1 DrELECTRONIC RECOMBINATION 
In dielectronic recombination, 
Xf t+e2X,-X, +, (41) 


the stabilization is effected by a radiative transition from the level d to 
some level b which is not subject to autoionization (Fig. 1). The life- 
time 7;(d, b) towards emission of the line d — 6 is in general much longer 
than the lifetime 7(d, 7) towards autoionization d—»i which may be of 
the order 10-18 second or even less so that (40) reduces to 


1 


71(d, b)” 2) 


ailelect — ,T- ia Ma * exp | aoe fai 
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with 
€, = h®/2(2nmk)s? = 2.1 x 10-8 cm’ deg??? (43) 


(Massey and Bates, 1942). To get the total dielectronic recombination 
coefficient a@*!**t for X} summations over all levels d and all levels b 
must be performed. 

If 7,(d, b) is expressed in terms of the absorption oscillator strength 
fog for the transition b > d formula (42) becomes 








afielect — Y, re — ~ H(b, d)* exp amt bd (44) 
where 
1/2723 


and 9(b, d) is the wave number of the emitted radiation. 
It is instructive to note that since the cross section o,, and oscillator 
strength f,, for 





X, +hv—> Xi +e (46) 
are related by 
nh df, 
901 She de” (47) 


e being the energy of the ejected electron, formula (25) for the radiative 
recombination coefficient (which will here be denoted by «4*) may 
be written 


radiat — &, T-3/2 22 d 48 
- . w; Powace a exp | le ar foie ( ) 


The close parallelism of (44) and (48) is revealing. 

Dielectronic recombination naturally cannot occur to Ht ions. 
Reliable calculations on complex ions have not been carried out but in 
some cases, for example, in the case of Het ions, it may be shown that 
the process is very slow compared with radiative recombination because 
any suitable level d lies far enough above the first ionization potential to 
make the factor exp {— €4,/kT} extremely small.* 

The position may be different if eg, is such that this factor is almost 
unity. Comparison of (44) and (48) suggests that dielectronic recombina- 
tion is then likely to be faster than radiative recombination: thus it 1s 


* Dielectronic recombination to normal N+ and O+ ions have been investigated 
by Bates (1962). The computed rate coefficients are less than those for radiative 
recombination. 
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faster if the oscillator strength of the line b ~ d exceeds the (usually) 
small fraction of the oscillator strength of the photoionization continuum 
pb —1 which arises from within kT of the threshold. 

To obtain an indication of how large the total dielectronic recombina- 
tion coefficient may be in a favorable case suppose that 





— €ai ( 
oo Sit |=1 © 
i(d, b) = 10° m=}, (50) 
and 
Wy _ 
» 7 fi2=03: (51) 


Substitution in (44) then gives adi!**t to be about 1., X 10-!° cm3/sec at 
250 °K, I. X 10-1! cm/sec at 1000 °K, 1., x 10-1? cm/sec at 4000° K, 
and 2., x 10-18 cm3/sec at 16,000 °K. The corresponding values 
for ott to H+ ions are 4.8 x 10-22, 2.0 x 10-12, 7.8 x 10713, and 
2.9 x 10-13 cm3/sec (Table I). In considering the trend it should be 
borne in mind that the chance that there is a level for which (49) is even 
approximately true is less if T is low than if T is high. The existence of a 
case as favorable as that examined has not been established. A suggestion 
by Garton and associates (1960) that af***t for Art (2P3)2) ions is 
5 x 10-14 cm3/sec or rather greater at 300°K has been withdrawn 
by Pery-Thorne and Garton (1960) who adduce evidence that the value 
of f,4 adopted in the original calculations is much too large. 

Terms allowing for the effect of dielectronic recombination should of 
course be introduced into the equations of collisional-radiative recom- 
bination. The formal introduction of such terms is a trivial task; but 
in the present state of knowledge it would be of little service. 


2.2 COLLISIONAL STABILIZATION 


Stabilization may be brought about by an encounter with a thermal 
electron 
Xyte->X, +e. (52) 


Formula (42) may be modified to take this possibility into account. All 
that need be done is to replace 7;(d, 5) the lifetime towards the parallel 
tadiative process, by 7rc(d, 6) defined by 


1 1 1 


Treld by ~ 7d, b) * 7(d, b) (53) 
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7(d, b) being the lifetime towards (52) which is given by 
te(d, 6) = 1/k(d, b) n(c) (54) 


where «(d, b) is the de-excitation rate coefficient and n(c) is as usual 
the number density of electrons. 

Examination of the results available on processes involving optically 
allowed transitions shows that «(d, b) and 7;(d, 5) are related thus: 


«(d, b) = p {10-® A4/7,(d, 6) } cm?/sec (55) 


in which p, a parameter characteristic of the process, is of the order of 
unity and in which the wavelength A and radiative lifetime r;(d, 5) 
are measured in angstroms and seconds, respectively. Substitution in 
(54) gives 


to(d, b)/7,(d, 6) = 10?9/pAtn(c). (56) 


Hence collisional stabilization only becomes as effective as radiative 
stabilization when n(c) is about as high as the following values (with the 
assumed 4d in brackets): 1 x 10!7/cm® (1000 A), 6 x 101%/cm® (2000 A), 
4 x 10!4/cm® (4000 A), 2 x 10!8/cm® (8000 A). Neither form of sta- 
bilization is likely to be important in such cases. 


2.3 DISSOCIATIVE RECOMBINATION 


Dissociative recombination 
AB+ + e= AB’—A’ + B’ (57) 


(the primes indicating possible excitation) occurs as a result of a 
radiationless transition to some state of the molecule in which the 
constituent atoms move apart and gain kinetic energy under the action 
of their mutual repulsion so that the neutralization is rendered permanent 
by virtue of the Franck-Condon principle (Bates, 1950). The lifetime rp 
towards this stabilization process is extremely brief: for example, if the 
repulsive force between the atoms is 5 ev/A and if their reduced mass is 
8 on the 160 scale, their separation is increased by 0.15 A and their 
kinetic energy of relative motion is increased by 0.75 ev in only about 
7 x 10“ sec. It appears likely that in most cases the rate-limiting 
step is the radiationless transition. 
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Denote the lifetime towards autoionization when the nuclei are held 
fixed by 7, and assume this to be almost independent of R, the inter- 
nuclear distance. For simplicity, suppose in the first instance that only 
the zeroth vibrational level of the molecular ion need be taken into 
account, let %(R) be its normalized vibrational wave function and put 


i (R) PE = fe (58) 


where ¢ is the energy supplied by the electron in a vertical transition 


(Fig. 2). 





Internuclear distance 
R 
Case a Case b 


Fic. 2. Potential energy curves of states concerned in dissociative recombination. 


Using the Winans-Stueckelberg (1928) approximation for the vibra- 
tional wave functions of the neutral molecule it may be seen from (40) 
that the rate coefficient for dissociative recombination is 


odiss — 7-32 PAB oy (T) (59) 


Mapt 


in which @, is as defined in (43), wags and wap are the statistical weights 
of the relevant electronic states of the molecular ion and of the neutral 
molecule, and 
&(T) 
A(T) = 60 
7) ta + 80(T)tp se 
With 


slT) = J file exp |p| de (61) 


264 D. R. BATES AND A. DALGARNO 


If the stabilization is the rate-limiting step, (60) reduces to 
A(T) = 1/7; (62) 


but if, as is probably more common, the radiationless transition is the 
rate-limiting step, it reduces to 


A(T) = g(T)/T0. (63) 


Several vibrational levels v may be important if the temperature is 
high. Assuming that the distribution amongst them is thermal, it may 
be shown that g(7) in (60) should be replaced by 








HT) =D alt) ex |r |/D ox | Gr (64) 


where g,(T) is an analogously defined function and E, is the energy of the 
vth level (with Ey) chosen to be zero). 

Account should strictly be taken of the possible dependence of 7p 
on « + E, and of several other minor effects but it would be unrealistic 
to seek to introduce such refinements at present. 

Though proper calculations have not been performed Bates (1950) 
has made estimates which show that in certain, by no means unusual 
circumstances, a“'** may be some 10-7 cm/sec. 

The predicted dependence of «*** on T is occasionally stated incor- 
rectly in the literature. Some writers have wrongly inferred a T-3/ 
law from (59) overlooking the fact that .7,(7) itself depends on T unless 
the rate-limiting step is the stabilization. There is no simple general law 
when the rate-limiting step is the radiationless transition. Thus it is 
apparent from (61) and (63) that if f,(e) varies little over the effective 
range of integration (e.g., case (a) of Fig. 2, low T), then #&,(T) is 
proportional to T giving a T-1/? law; but if f((e) is initially a rapidly 
increasing function of ¢ [e.g., case (b) of Fig. 2], a* may rise to a 
maximum. The position is likely to be complicated by more than one 
unbound state being involved. 

Its great rapidity may make dissociative recombination important 
even in plasmas in which atomic ions predominate since these may be 
converted into molecular ions by ion-atom interchange or by other 
collision processes. For example the charges carried by the O+ ions in 
the upper atmosphere are neutralized through sequences like 


O*+0,>0¢ +0 
O; +e>0' +0” 


(64) 
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or 
O+ + N,~NOt++N 


NO+ +e—>N’+40' 


(65) 


(cf. Bates and Massey, 1947; Bates, 1955; Bates and McDowell, 1957; 
Krassovsky, 1957; Bates and Nicolet, 1960). 


3 Experimental Studies 


In experimental studies of electron recombination, measurements are 
made of the decay of electron density in gases which have been partially 
ionized. The interpretation of the measurements is complicated because 
electrons are removed not only by recombination but also by diffusion 
to the walls, because electron production may continue after the termina- 
tion of the ionizing discharge and because the identification of the ionic 
species may be ambiguous. Arising from these complications is the 
possibility that the behavior of the plasma may be very sensitive to the 
presence of small amounts of impurities. 


3.1 Piasmas oF Low DENSITIES 


The decay of electron concentration in a low density plasma is con- 
veniently determined using the microwave method of Biondi and Brown 
(Biondi and Brown, 1949; Biondi, 1951a; Brown and Rose, 1952; Gold- 
stein, 1955; Sexton et al., 1959) in which the shift in frequency 4f of a 
resonant cavity containing the plasma is measured relative to the fre- 
quency f of the cavity without the plasma. The frequency shift is related 
to the electron density m by the formula 


4f 1 a 
f 21+ (r/w)np 





(65) 


where »v is the electron collision frequency, w is the radian frequency 
of the probing microwave signal, n, denotes mw?/e®, and 


i= | | nEtdo f | Eide, (66) 


E being the electric field of the probing signal and V being the volume 
of the microwave cavity. Because of macroscopic polarization of the 
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plasma, (65) is not valid at high electron densities (Persson, 1957) and 
because of secondary production and heating effects, (65) is not valid 
at high power levels of the probing pulse (Oskam, 1958). 

Electron densities may also be determined from measurements of the 
transmission of microwave signals through a discharge (Whitmer, 1956; 
Takeda and Holt, 1959). 

The electron density n(r, t) satisfies the equation 

on = — an? + D,V?n (67) 
where « is the recombination coefficient, Dg is the ambipolar diffusion 
coefficient (inversely proportional to the gas pressure), and it is assumed 
that electron production has ceased. If diffusion is negligible and n, and 
n, are the electron concentrations at times ¢, and ¢,, respectively, then 

an tte — Ae (68) 
and the slope of a plot of 1/n against t is the recombination coefficient. 
However, the plasma is always diffusion-controlled near the cavity walls 
and the interpretation of a plot of 1/# against t must be made with 
caution (Gray and Kerr, 1960). Persson and Brown (1955) have argued 
indeed that the experimental results for molecular hydrogen (Biondi and 
Brown, 1949; Richardson and Holt, 1951; Varnerin, 1951) are due to 
higher diffusion modes and to attachment to impurities and not to a 
large recombination coefficient (~ 10-§ cm? sec~) as was originally 
supposed. 


3.1.1 Helium 


Recombination in a helium plasma was investigated by Biondi and 
Brown (1949) and by Johnson et al. (1950) who observed that at pres- 
sures greater than 20mm-/Hg electron removal is apparently controlled 
by recombination and at pressures below 5 mm Hg electron removal is 
controlled by diffusion. They derive a recombination coefficient of 
about 10-8 cm®sec~!. Although this numerical value is called into 
question by the further measurements of Oskam (1958) and the analysis 
of Gray and Kerr (1960), which suggests that the importance of diffusion 
was underestimated, the identification of the main recombination 
process as that of dissociative recombination 


Hey + e— He’ + He” (69) 
(Bates, 1950) has been widely accepted. 
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The phenomenon of afterglow quenching has been used by Chen 
et al. (1961) to determine the dependence on electron temperature T 
of the recombination coefficient « in a helium plasma. They observe the 
intensity variations of the total visible light and of the two helium lines 
at 5876 A and 3888 A consequent upon selective heating of the electrons 
by a pulsed microwave and deduce that a varies as T~%/* for 
300 °K < T < 1500 °K, in harmony with an earlier investigation by 
Anderson (1958). In addition, measurements at 300 °K of 2 by micro- 
wave and by optical methods yield a value of (8.9 + 0.5) x 10-® cm? 
sec! for «. There is little doubt that the main recombination mechanism 
is (69) but measurements of the widths of the helium lines (cf. Biondi, 
1961) would be of interest. 


3.1.2 Other Inert Gases 


Recombination in a low density neon plasma has been studied by 
Biondi and Brown (1949), by Holt et al. (1950), and by Oskam (1958). 
A recombination coefficient of about 2 x 10-7 cm®sec-! has been 
derived which is apparently independent of electron temperature for 
195 °K < T < 410°K. 

Of the remaining inert gases, argon has been studied by Biondi and 
Brown (1949), by Biondi (1951b), by Redfield and Holt (1951), and by 
Sexton and Craggs (1958), krypton by Richardson (1952), by Lennon 
and Sexton (1959), and by Popov and Afanageva (1960), and xenon by 
Lennon and Sexton (1959). There are some uncertainties as to the role 
of impurities in these experiments but from them recombination coef- 
ficients of 7 x 10-7? cm’ sec! for argon, 3 x 10-7? cm? sec~! for krypton, 
and 2 x 10-* cm? sec"! for xenon have been derived. 

There seems little doubt that all these rates refer to dissociative recom- 
bination (57), the singly charged diatomic molecular ions occurring 
readily in the laboratory plasmas (cf. Pahl, 1959). 


3.1.3 Hydrogen 


Persson and Brown (1955) have concluded that the recombina- 
tion coefficient in the hydrogen afterglow is less than 3 x 10-8 
cm’ sec~! and this conclusion is in harmony with the measurements of 
Popov and Afanageva (1960). The predominant ion in the experimental 
hydrogen afterglows is not identified with certainty but it may be H}. 


3.1.4 Nitrogen 


Because of its importance in the earth’s atmosphere recombination 
in nitrogen has been the subject of many investigations (cf. Dalgarno, 
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1961), the most complete being that by Faire and Champion (1959). 
They derive a recombination coefficient of (4.0 + 0.3) x 10-7 cm’ sec 
at a temperature of about 400 °K but there is some doubt over the 
identity of the recombining ion. Indeed, several ionic species may be 
present in their plasma and a more general analysis (Kunkel, 1951; 
Loeb and Kunkel, 1952) of the measurements may be necessary. Kasner, 
et al. (1961) have employed a mass spectrometer to identify the ions and 
they find that for N,+ the recombination coefficient is (5.9 + 1) x 
10-7 cm? sec! and that for N,+ and N,t it is about 2 x 10-* cm? sec7}. 


3.1.5 Other Gases 


Experiments on low-density plasmas in mercury and in oxygen have 
been carried out (cf. Massey, 1952; Loeb, 1956) but the interpretation is 
complicated by the removal of electrons through attachment processes 
and no meaningful values have been obtained for recombination 
coefficients, except possibly for the recombination of O,+ ions and 
electrons (Kasner et al., 1961). The value obtained—(3.8 + 1) x 107? 
cm’ sec-1—is unexpectedly large in view of the evidence provided by 
upper atmosphere data (cf. Dalgarno, 1961). 


3.2 PLasmaAsS OF MODERATE AND HIGH DENSITIES 


The earliest investigations of electron-ion recombination were carried 
out by Kenty, Mohler, Boeckner, and Sayers using interrupted arcs 
in argon, caesium, and mercury, the electron density being measured 
by probes and by photometric methods. This work has been reviewed 
by Massey and Burhop (1952), by Massey (1952), and by Loeb (1956): 
for electron densities of about 10!2 cm-3 and electron temperatures in 
the range 1000 °K-4000 °K, apparent recombination coefficients of two 
or three times 10-!° cm’ sec! were derived for all three gases. Since 
ambipolar diffusion has been ignored in the analysis and since the identity 
of the ions is uncertain (some of the ions will be diatomic molecular 
ions), the numerical value of the recombination coefficient may not be 
significant. It is of interest to note, however, that the values obtained 
are of the order of magnitude expected for collisional-radiative recom- 
bination (cf. Table VIII). Larger values of « are obtained in the more 
recent microwave studies of caesium and mercury at similar electron 
densities and temperatures (Dandurand and Holt, 1951) but again 
their significance is obscure. Much greater attention must be given to 
establishing the identity of the ions before the complex processes which 
occur in plasmas of moderate densities can be understood. 
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Electron-ion recombination in high current spark channels in hydro- 
gen, argon, and helium has been investigated by Craggs and his associates 
(Craggs and Meek, 1946; Craggs and Hopwood, 1947; Tsui-Fang and 
Craggs, 1958; McChesney and Craggs, 1958; Mitchell, 1960) using 
photomultipliers and fast-sweep oscilloscopes. Detailed measurements 
have been made of line profiles and ion densities of about 10!7 cm-3 
have been derived from analysis of the Stark broadening (Griem, et al., 
1959; Griem, 1960; Griem and Shen, 1961). Considerations based on 
the Saha equilibrium formula then lead to electron temperatures of the 
order of 10,000 °K. The decay curves observed are complex and it is 
clear that recombination is not a simple two-body process. The apparent 
recombination coefficients vary between 10-" and 107!* cm? sec"! 
depending upon the pressure. 

Similar investigations have been carried out by Olsen and Huxford 
(1952) of highly condensed discharges in argon and neon, the ion 
densities being determined from the Stark broadening of small amounts 
of hydrogen introduced into the gases. The apparent recombination 
coefficients are near 10-13 cm? sec! for n ~ 10!7 cm-3 and T ~ 10,000 °K, 
but the interpretation of the measurements has been criticized by Fowler 
and Atkinson (1959). 

Fowler and Atkinson (1959) measured the absolute intensity of the 
continuum associated with the Balmer lines in a shock tube containing 
an expanding hydrogen plasma in a field-free region. An ion density 
of about 6 x 1016 cm-% was derived from the Stark broadening of H, 
and a recombination coefficient of about 10-!? cm’ sec at a temperature 
of 4500 °K was obtained. The derived coefficient is that appropriate 
to radiative recombination and it has the predicted order of magnitude. 

Recently Kuckes et al. (1961) have studied the plasma losses in the 
afterglow of discharges in the B-1 stellarator. For a helium plasma, 
they obtain a recombination coefficient proportional to m/? for 
104< <5 x 1013, thereby providing clear evidence in support of the 
collisional-radiative recombination process. 
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1 Three Body 


In 1896 Thomson and Rutherford conducted an illuminating series of 
experiments on the nature of the conductivity in gases irradiated by 
Roentgen rays. By examining the electrical characteristics of the gas 
enclosed between two metal plates, they were the first to discover that 
for small electric fields the current flowing was proportional to the field 
strength, but as the field was increased the current approached a limiting 
value. They showed, moreover, that this behavior could be explained 
on the assumption that the ions produced by the rays were capable 
of recombining at a rate proportional to the product of the population 
densities of the positive and negative ions. Very soon after this discovery 
Rutherford (1897) devised a means of measuring the rate at which this 
recombination proceeds, and he further verified that the recombination 
law is obeyed, i.e., 


where N is the population density of ions of either sign and a is the 
recombination coefficient. In 1903 Langevin not only measured the 
recombination coefficient by an important new method, but also deve- 
loped a theory to explain the physical processes involved. 

Since these pioneer experiments many other investigators have 
taken up the problems of elucidating all the various aspects of ionic 
recombination. McClung (1902), Hendren (1905), and Thirkill (1913) 
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were among the early investigators of the variation of the recombination 
coefficient with gas pressure. In the variation of the recombination coef- 
ficient with temperature, the most comprehensive early study has been 
made by Erikson (1909) whose experiments include air, carbon dioxide, 
and hydrogen at constant density and ionized by a- and f-rays. Further 
experiments were conducted by Phillips (1910) on air at constant pres- 
sure, ionized by X-rays. 

All the early experiments had one unfortunate—though at the time 
unavoidable—feature in common; the gases used were always far from 
pure and the ions were in many cases complex clusters of molecules, 
as has been demonstrated by Loeb (1928, 1932) and by Tyndall and 
Powell (1930). It is, therefore, not surprising that a poor measure of 
agreement between the results of different investigators was recorded. 

With the invention of the diffusion pump more significant and con- 
sistent results were obtained for the rates of ion-ion recombination. 
Outstanding among this more thorough experimental work was that of 
Loeb and his associates, notably Gardner (1938) who carried out an 
extensive study of recombination in chemically pure oxygen. A study 
of recombination, under similar experimental standards, was made in 
dust free dry air by Sayers (1938). In most of this work the pressure range 
explored did not extend upwards above about 2 atm. An important 
exception was the work of Machler (1936) whose investigations of ionic 
recombination in air extended over the pressure range 5-15 atm. 

On the theoretical side the two outstanding contributions of the period 
were those of Thomson (1924) in the case of pressures below 1 atm and 
Langevin (1903) in the case of high pressures. These theories are so 
frequently dealt with in the subsequent literature that it will be necessary 
here only to remind the reader of the underlying principles and assump- 
tions. 

In the Thomson theory it is assumed that the random diffusive motion 
of the positive and negative ions will result in pair encounters in which, 
in the absence of the interaction of a third body, the energy will be 
conserved between the two ions and they will execute open orbits in their 
mutual Coulomb field. The presence of a third body with which one of 
the ions collides will result in stabilization of the encounter and the 
formation of closed orbits and eventual recombination. The Thomson 
process is often referred to as three-body ionic recombination. 

In the Langevin theory it is assumed that the approach of the positive 
and negative ions in pairs is governed by mobility laws and the Coulomb 
attractive forces. This leads to a recombination rate which is a function 
of the mobility of the ions and therefore inversely proportional to gas 
pressure. 
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For many years from the late 1930’s onwards very little progress was 
made in the study of ion-ion recombination at intermediate and high 
pressures. The next important advance was made by Natason (1959) 
as a result of theoretical study. In Natason’s paper a unified theory has 
been developed which gives excellent agreement with previous experi- 
ments including the low and very high pressure ranges. Natason’s 
theory yields an expression for the recombination coefficient which is 
very similar to the Thomson expression at low pressure and coincides 
with Langevin’s theory at high pressure. 
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Fic. 1. Relation between rate coefficient for ionic recombination and pressure for 
dry air at normal temperature. 


Figure 1 shows the variation of the recombination coefficient in dry 
air. The experimental points represent the results obtained by Sayers 
(1938) for the pressure range up to just over 1 atm and by Machler 
(1936) for pressures above 5 atm. The accuracy of the fit of Natason’s 
theory to these experimental values is as good as the line in Fig. 1 
drawn through the points. 

All the early work on ion-ion recombination was concerned with pres- 
sures of 100 mm Hg and upwards. There are, however, a number of 
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applications, in the theory of the ionosphere for example, in which it is 
necessary to have some knowledge of ionic recombination at very low 

ressures. It is not possible to investigate experimentally the three-body 
recombination process in the millimeter range of pressures because, the 
coefficient for this process being proportional to gas pressure, its rate 
becomes small by comparison with ionization loss by diffusion or other 
recombination processes of the two-body type. Nevertheless, the three- 
body process is always present and may have to be taken into account 
as a correction term to calculated or measured rates of recombination by 
two-body processes. 

The three-body ion-ion recombination process may be a significant 
though minor process of ion loss in the lower regions of the ionosphere 
where diffusion loss of ionization may be ignored, although it is very 
probable that two-body recombination processes will predominate. 
If it is desired to calculate the contribution to ion decay by the three- 
body process at very low pressures, the Thomson theory may be used 
without the introduction of any adjustable constants. There are, how- 
ever, some approximations inherent in the Thomson theory and it is 
more accurate to use the Natason expression. Alternatively, the following 
expression, derived from the Thomson theory but incorporating an 
adjusted constant, may be used for either air or oxygen: 


ay = CT-5/2p cm3 sec-t 


where T is the temperature in degrees Kelvin, p is the gas pressure in 
mm Hg, and C is an adjustable constant having a value of 1.5 x 10- in 
terms of these units. 


2 Two Body 


2.1 GENERAL CONSIDERATIONS 


When a positive ion and a negative ion in the gas phase collide, 
electron transfer between the two colliding particles will result in elec- 
trical recombination. Such electron transfer will be energetically possible 
since the electron affinity of the negative ion will be, in general, less than 
the ionization potential of the positive ion. The two ions of opposite 
sign may, individually, be of either atomic or molecular form. In the 
simplest case of two atomic ions the energy balance in the reaction, 
being the excess of ionization potential of the positive ions over the 
electron affinity of the negative ion, is taken up in energy of the two 
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neutral atoms after the collision. This energy may be kinetic energy 
or electronic excitation energy or a combination of the two. The pro- 
bability of excess energy being radiated in the collision process is very 
small. In the case where one or both of the colliding ions is molecular 
there is the additional probability of chemical dissociation of either 
molecule. 

Even in the simplest case above, namely, recombination of a pair of 
atomic ions, it is not possible to calculate the recombination cross section 
on purely theoretical considerations without the aid of drastic approxima- 
tions which may be acceptable only for a positive and negative ion pair 
of atomic hydrogen. For example, as shown by Bates (1960), the appro- 
ximations involved in the application of the Landau-Zener formula 
cannot be justified. 

Though the details of the early calculations of Bates and Lewis (1955) 
and of Bates and Boyd (1956) are unreliable, it is still believed that the 
crossing of the curves which relate potential energy to nuclear separation 
in the two states is an important theoretical concept and that the rate 
coefficients are likely to be high, perhaps of the order of 10-7 cm? sec7} 


2.2 EXPERIMENTAL INVESTIGATIONS 


Experimental study of this reaction necessitates the use of low gas 
pressures in order to reduce, as far as possible, recombination by the 
three-body process. This requires a gas discharge as the source of ioniza- 
tion and a study of ionization decay in the afterglow. In addition, the 
methods of measuring ion population densities at higher pressures are 
invalid in the millimeter pressure range and new methods have therefore 
had to be developed. The foregoing experimental problems have been 
solved by Yeung (1958a, b) who has carried out a preliminary study of 
ion-ion recombination in the afterglow of a discharge in iodine. Iodine 
was selected because of the rapid electron attachment in this gas which, 
as he has shown, rapidly removes the free electrons in the early stages 
of the afterglow. This produces a plasma consisting of positive and 
negative ions in equal concentrations. For the measurement of the posi- 
tive and negative ion densities in the decaying plasma Yeung employed a 
radio-frequency probing technique. This depends on the fact that the 
dielectric properties of the plasma are related to the ion density. The 
probing electrodes consisted of an internal cylindrical gauze at the center 
of the discharge tube and a sleeve electrode on the outside surface. By 
using these two electrodes the dielectric constant of the decaying plasma 
was measured as a function of time, using a probing frequency in the 
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region of 15 Mc/sec. The changes in dielectric constant were interpreted 
in terms of changes in ionization density and from the results the 
recombination coefficient was determined. A satisfactory linear relation 
was found between the reciprocal of ionization density and time in the 
afterglow thus establishing that the decay of ionization followed a recom- 
bination law. 


2.2.1 Two-Body Recombination at Various Gas Pressures 


The two-body process of ionic recombination should proceed at a rate 
which is independent of gas pressure, and if this fact is established it 
renders the identification of the loss process more certain. Yeung suc- 
ceeded in measuring the rate of ionic recombination in iodine over a 
substantial pressure range. He repeated the whole series of experiments in 
bromine and in each case he found a recombination rate independent of 
pressure in the range studied. The results for these two gases are 
tabulated in Table I. It was concluded that, within experimental error, 
the recombination rate was pressure independent. 


TABLE I 


Ionic RECOMBINATION RATES IN IODINE AND BROMINE 








Iodine Bromine 
Pp ot Pp om 
(mm Hg) (relative values)* (mm Hg) (relative values)* 

0.07 1.4 0.05 1.9 
0.095 1.4 0.07 1.8 
0.15 1.6 0.1 1.8 
0.185 1.4 0.5 1.8 
0.32 1.5 0.7 1.8 
0.45 1.5 1.0 2.0 
0.62 1.5 

1.00 1:55 





* For absolute values see later discussion. 


2.2.2 Variation of Ionic Recombination with Temperature 


Yeung has explored the variation of two-body ionic recombination 
with temperature. Owing to the experimental difficulties associated with 
this work and the many new technical problems encountered, it was not 
Possible to measure recombination over a sufficient temperature range, 
this being limited to the range 0°-100°C. While the results did not 
Justify the fitting of any empirical law to the temperature dependence, 
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the conclusion was that the recombination rate decreased as the tem- 
perature increased. 

While the work of Yeung represents substantially the pioneer experi- 
mental work in the field of two-body ionic recombination, the numerical 
measurements must be taken as preliminary and the work leaves the 
question of the identity of the ions—as between atomic and molecular 
forms—still unsettled. 

Very recently Greaves (1959), working in the same laboratory, has 
taken up the study of ionic recombination by similar methods to those 
employed by Yeung. Greaves has, however, included a miniature mass 
spectrometer in his experimental tube in order to identify the ions whose 
recombination rates are being studied. In the course of the work it 
became necessary to recalibrate some of the electronic equipment used 
previously by Yeung and it was discovered that a fault had developed 
in one of the amplifiers since the time of an earlier calibration. There are 
strong reasons for believing that the fault had existed throughout the 
use of the equipment in Yeung’s work; if so, the revised calibration can 
be readily applied to Yeung’s results. When this is done the multiplying 
factor to be applied to all the relative values of the recombination coef- 
ficient given in Table I is 10-’ and the figures are then absolute values in 
cm} sec~! units. 

Yeung’s value of the recombination coefficient, modified in this way, 
would then be about 50 % larger than a new value found by Greaves, 
being approximately 


oy = 10-7 cm? sec"! 


at room temperature in an iodine afterglow. 
On the assumption that the negative ions are I- and the positive 
ions Ij, the corresponding recombination cross section is 


oi = 3 X 10-3 cm?. 
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In the case of elastic collisions, no energy is transferred from the motion 
of the incident electron to the internal motion of the target atomic 
or molecular system. However, the electron does lose some of its energy 
in providing kinetic energy of translational motion of the target system. 
Since this loss of energy is only of the order of the ratio of the mass of 
the electron to the mass of the atom or molecule times the kinetic energy 
of the incident electron, it can be generally neglected. 

Further, in the investigation of elastic collisions between electrons 
and atoms, it is frequently permissible to regard the target system as a 
fixed scattering center without any structure. Consequently, to begin 
with, we shall develop an elementary quantum theory of elastic scattering 
in which this simplifying assumption is made. At a later stage we shall 
discuss the effects which arise from allowance for the structure of the 
atom or molecule. 


1 Scattering by a Potential Field 


1.1 DIFFERENTIAL AND ToTAL Cross SECTIONS 


We consider a parallel beam of particles moving in the direction of the 
z-axis of a frame of reference with N particles crossing unit area perpen- 
dicular to the beam per second. If we take the scattering center to be 
located at the origin, the number of particles deflected per second through 
polar angles @ and ¢ into the element of solid angle dw = sin 6 dé dd 
can be expressed in the form NI(@, ¢)dw, where I(0, ) has the dimensions 
of area and is termed the differential cross section. 

The total number of particles scattered per second from an incident 
beam of unit flux density is defined to be the total cross section and is 
given by 


Ge [. [1 $) sin 6 d0 dg. (1) 


1.2 AsymMPpToTic BEHAVIOR 


Let us suppose that the incident particles all have the same mass m 
and the same speed v. Then for large values of the distance r from the 
origin, the asymptotic form of the wave function y(r) describing the 
Scattering is given by 


Wr) ~ Ale™ + reif (8, $)] (2) 
where f(0, ) is called the scattering amplitude. 
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The first term e** is a plane wave and represents a particle belonging 
to the incident stream moving in the direction of the z-axis with linear 
momentum fk = mv. The second term r—te*rf(6,$) is an outgoing 
spherical wave and represents a scattered particle moving away from 
the scattering center in the radial direction. 

Since the current density associated with a wave function ¢ is given by 


j= oz (W* grad y — grad Y*), @) 


it follows that the flux density of incident particles is v | A |? and so 
A = V/N/v. Now the leading term of the radial flux density of scattered 
particles is given by 


v| All f(9, 4) Pr? (4) 
and therefore 


1(8, 6) = | f (8 4) ? (5) 


which provides an expression for the differential cross section in terms 
of the scattering amplitude. 


1.3. PartiaL Waves METHOD 


In the present section we consider the scattering of particles by a 
spherically symmetrical potential V(r). This is determined by the wave 
equation 


— Fry + Vow = Eb (6) 


where E = h?k?/2m is the energy of the particles and Y(r) is a continu- 
ous, bounded, single-valued function of position having the asymptotic 
form for large 7, 


x ~w etkz + r—letkrf (6, ¢), (7) 


corresponding to an incident flux density of magnitude v. 
Owing to the symmetry about the z-axis, we may expand the wave 
function % in terms of Legendre polynomials P,(cos @). On putting 


Me) = +S Addi) Plcos # 8) 
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and substituting into (6), we obtain the radial equation 





a4, KL 
Sa + ee — uy — Eg, 0 (9) 

where 
U(r) = ie V(r). (10) 


Since % must be bounded at the origin, it follows that ¢,(0) = 0. 
Provided U(r) falls off more rapidly than |/r? as r ->~, we have 


$1, ~ ra, jkr) + 5n,(kr)] (11) 


for large r, where j, and m, are spherical Bessel and spherical Neumann 
functions, respectively, with asymptotic forms 


ju(kr) ~ 4 sin (kr — $n) (12) 
Tr 
n(kr) ~ — ~ cos (kr — 47) (13) 
as r—>%, 
Putting a; = cos 7, and b, = — sin n, we see that for large r 
i, ~t sin (kr — 4/1 + 7). (14) 


n, is termed the phase shift or eigenphase. 
Expanding the scattering amplitude in the form 


2) 


f (8) =>) eP,(cos 8) (15) 


and using the formula (Watson, 1944) 


pike = y, 721 + 1)7,(kr) P,(cos 8), (16) 


1=0 


it can be readily shown, by equating the coefficients ‘of e“*’ and of 
e~*kr on both sides of (7), that 


A, = t'ein(21 + 1) (17) 
and 


1 . 
1 = aq (2 + 1) (#% — 1). (18) 
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Hence, the scattering amplitude is given by 


f(0) = > (21 + 1) em sin 7, P,(cos 8). (19) 


1=0 


Integrating over @ and ¢ and using the orthonomal property of 
Legendre polynomials, we see that the total cross section can be written 
in the form 


Q = 2001 (20) 
where F 
O.= 3 (+ 1) sin? 7). (21) 


Q, is called the /th order partial cross section. 
From (15) and (18) it also follows that 


9 = Zimf(). (22) 


This result is known as the cross section theorem and gives the total cross 
section in terms of the imaginary part of the forward scattering ampli- 
tude (0). 

The foregoing method is due to Lord Rayleigh and was first applied to 
the elastic scattering of electrons by atoms by Faxén and Holtsmark 
(1927). 


1.4 INTEGRAL EQuaTIONS 


The solution of the equation 
(V? + F) f(r) = F(r) (23) 


where ¢ is an outgoing spherical wave for large 7, can be expressed in the 
form 


U(r) = | G(x, 2’) Fle’) de’ (24) 
where the Green’s function G satisfies the equation 
(V2 + k?) G(r, r’) = S(r — r’) (25) 
and is given by ; ; 
G(r, r’) = — exp tk |r —r' | (26) 


4n|r—r’| 
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On writing the wave equation (6) in the form 


(V? + RP) (x) = U(r) (1) (27) 
we see that 
We) = em — Ef SPRIE TED yey ye’) de’ (28) 


Denoting the unit vector in the direction of r by n, we have for larger 
jr—r' |rwr—ner’ (29) 
and thus we may write the scattering amplitude in the integral equation 


form , 
f(0) =—- a | exp (— tkn- r’) U(r’) Y(r’) dr’. (30) 


Expanding both sides of this equation in terms of Legendre poly- 
nomials we obtain an integral equation for the phase shift 7). It is given 


by 
sin y, = —k | r jkr) $,(r) U(r) dr. (31) 


1.5 Born’s APPROXIMATION 


At sufficiently high impact energies, the incident particles will be 
only slightly affected by the scattering center. In this case, we may 
replace the exact wave function ¢(r) on the right-hand side of (30) by 
the plane wave exp ikny+ r where ny is a unit vector in the direction 
of the incident beam of particles (Born, 1926). Then we have 


fO=- z | exp (iK+ r) U(r) dr (32) 


where K = k(n, — n). Since the angle of scattering @ is the angle 
between n and ng, it follows that 


K == Ih ain 5 ; (33) 


By choosing the polar axis of the coordinate system in the direction 
of the momentum change vector 4K, we obtain 


f(6) = — 4 [sin Kr U(r) dr. (34) 
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This is the first Born approximation to the scattering amplitude. To the 
same approximation we may substitute 7j,(kr) for ¢,(r) in the right-hand 
side of (31). We then get 


sing, = — A f : 72 j,(kr)}2 U(r) dr. (35) 
Now for (kr)? < 4] + 6, we have 
fll) 2 oop On (36) 


and so it follows from the first Born approximation expression (35) that 


24! 
Qi+ 1)! 


sin ny, — Aeltt 





f : 72142 U(r) dr. (37) 


Hence, if U(r) is negligible forr > Rand if | r?U(r) |S Cfor0 <r <R, 
we get 





C(kR)2+1 2! r 


1 [ 


ers Qi +i 


(38) 


and therefore 7, is a rapidly decreasing function of / for (kR)? < 4/1 + 6. 
Higher order Born approximation expressions can be obtained by 
iteration. To the first order in the interaction energy U, we have 





ee ee her a ee ee ee 
(rr) = exp (tkny- r) x! =a U(r’) exp (tkng + r’) dr’. (39) 


If this is substituted into the right-hand side of (30), we obtain the 
second Born approximation to the scattering amplitude given by 


F(9) = fai(®) + fal 4), 
where f;(8) is just the first Born approximation (34) and 


fox(®) = Gaye ff exp (— thn 2) Ue) SPREE 
x U(r’) exp (thn): r’) dr dr’. (41) 


The convergence of Born expansions has been discussed in some detail 


by Kohn (1954). 
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1.6 ScaTTERING LENGTH 
Let u;,(r) be the solution of the radial equation for the zero order 
partial wave with wave number k. Then 


du, 
dr 





+ {h? — U(r)} u, = 0, (42) 
where u,(0) = 0, u,(r) ~ v;,(r) for large r and 
u,(r) = cos kr + cot 7 sin kr, (43) 


n being the zero order phase shift. 
Defining the scattering length a to be the quantity 


. 1 
a = — lim > tan 9 (44) 


it can be readily shown that (Bethe, 1949) 
kcot yn = — i + ie (Uj,% — UpUo) ar, (45) 
a 0 
where wy is the solution of (42) for zero wave number k and 


ee pee (46) 


a 


Equation (45) is exact. However, if we replace uv, and u, by vp and up, 
respectively, it reduces to the resultt 


hoty=— - +38 (47) 
where 


ae f° [(. —2) — 8] (48) 


is called the effective range. Equation (47) is correct to the second order 
in k, 


It follows from the definition of the scattering length that in the limit 
of vanishing energy the zero order partial cross section Q, is given by 


lim Qy = 4a. (49) 


+ This formula is valid only for short range potentials. The effective range theory 


ie to be modified for long range potentials such as the 7~ potential (cf. O’Malley et al., 
61). 
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In general, the scattering length is a finite quantity so that tan y 
must tend to zero in the limit of vanishing energy. Hence 7(0), the phase 
shift for zero wave number k, must be an integer multiple of 7. In certain 
cases the scattering length may be infinite and then 7(0) must be a half 
odd integer multiple of 7. In fact, it can be shown (Weiss, 1952; Swan, 
1954) that (0) = mm for an attractive potential having m bound states 
of negative energy and zero angular momentum, while 7(0) = (n + 4)n 
if there exists an additional bound state of zero energy. The presence of 
the bound state of zero energy results in a resonance effect which gives 
rise to an infinite value for the zero order partial cross section as the 
energy of the incident particles becomes very small. 

For the /th order partial wave it can be shown without difficulty that 
(47) generalizes to the form 


R21 cot 7, = — -. + dr k, (50) 
U 


where a, and ro, are independent of k. It follows that for small k the 
Ith order partial cross section is given by 


QO, = 4na2h', (51) 


Hence, Q, vanishes in the limit of zero energy for / > 0. 


1.7. VARIATIONAL METHODS 


An analogous procedure to that used for deriving the Rayleigh-Ritz 
variational method for stationary states can be employed to obtain 
variational methods for the evaluation of phase shifts and scattering 
amplitudes. In this section we shall be concerned with the variational 
methods derived by Hulthén (1944) and Kohn (1948) for determining 
phase shifts. We write the radial equation (9) in the form 





Lb =0, (52) 
where 
d? > 2m (i+ 1 
2= 48 Sry ) (53) 
¢(r) satisfies the boundary conditions ¢(0) = 0 and 
d(r) ~ sin (kr — $17 + 7) (54) 


t This formula is valid only for short range potentials. (cf. O’Malley et al., 1961). 
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for large 7, if V(r) falls off more rapidly than 1/r as r+, Defining 
the functional 


Lox = [xx ar (55) 


where x is an arbitrary function of 7, we see that L[¢] = 0 where ¢ 
is the solution of (52) satisfying the correct boundary conditions. 

Suppose that ¢ + 4¢ is a function, differing infinitesimally from ¢, 
which vanishes at the origin and has the asymptotic form 


sin (kr — 447 + 7 + 87). 
Then 6¢ = 0 at r = 0 and for larger 
56 ~ cos (kr — £ la + 7) 8n. (56) 


Owing to the infinitesimal change 64, L[¢] changes by the amount 
SLi] = [86 Pp dr+[ bP dpar+ [bp dp ar. (57) 
0 0 0 


On integrating by parts and using the boundary conditions imposed on 
¢ and d¢, we see that 


[6 je (8) dr =f ap TE dr — hb (58) 
and so 


SLs] =2 [96 24 dr — hd (59) 


to the first order of small quantities. Now Y¢ = 0 and so 
SL[6] = — k Sn. (60) 


This variational principle is due to Hulthén. 

Let us first consider only those variations of ¢ for which L remains 
€qual to zero. Then 8Z and 8» both vanish. This stationary behavior of 
may be employed to obtain an approximate value for the phase shift 7 
and an approximation to the radial wave function ¢(r) by choosing a 
trial function ¢,(7) which is continuous, satisfies the boundary conditions 


that 44(0) = 0 and 
dt(r) ~ sin (kr — dlr +) (61) 
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for large r, and depends upon ” arbitrary parameters c,; (¢ = 1, ..., 2) as 
as well as the phase shift parameter ¢. In Hulthén’s variational method, 
these parameters are determined by solving the set of equations 





It =0 (62) 
oLt ; 
2c, =0 (¢ =1,..., 2) (63) 
where 
Lt = L[¢t]. (64) 


An approximate value for the phase shift is then given by ¢. 

We now consider arbitrary variations of ¢ so that 57 is no longer 
necessarily zero. Then we may use the variational method due to Kohn 
which determines the parameters ¢ and c; (i = 1, ..., m) by solving the 
set of equations 





Ab, 
7 nia k (65) 
Oly a 

rir 0 (=1,..., 2). (66) 


Since Ly is not necessarily equal to zero in this case, it follows from (60) 
that the value of the phase shift is given by ¢ + Lt/k. 

In general, the variational principle (60) does not provide a bound to 
the phase shift. However, it has been shown by Spruch and Rosenberg 
(1960) that in the limit of zero energy a bound to the scattering length 
can be obtained. This is to be expected as it is the limiting case of the 
Rayleigh-Ritz variational method for stationary states which gives a 
bound to the eigenenergy. 

Consider the zero order partial wave. For particles of zero energy we 
have 


L= eae V(r). (67) 


The radial wave function ¢(r) satisfies the boundary conditions 4(0) = 0 
and 


b(r)~a—r (68) 


for large 7, where a is the scattering length. 
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We define the function 
wr) = $1(r) — (7) (69) 


where $¢(7) is a trial function satisfying the boundary conditions ¢;(0) = 0 
and 


$t(7) mar—Tr (70) 
for large r. Then 
ee) = dis d¢ oo) foe) 
[doar =[b 7 -o GZ] +] eee (71) 
and so 
a=a—[ be Ldedr+ fo Pyar. (72) 


For simplicity, we suppose that the potential V(r) is too weak to have 
states of negative energy. It then follows from the variational principle 
for stationary states that 


[ ¥Ldar<o (73) 
0 
and therefore 


asam—[ be Lord (74) 


which provides an upper bound to the scattering length a. 

In Kohn’s variational method the parameters upon which the trial 
function ¢¢ depends are varied so as to give the least value for 
at — fe dtLdrdr and thus provides a least upper bound to the scattering 
length a. In Hulthén’s method, the value of a; — es o:Lordr which 
is obtained is not in general the least upper bound to a, and so for the 
zero energy case, Kohn’s method is superior to Hulthén’s method. 
However, this is not necessarily true at nonzero energies. 

An analogous result to (74) can be derived when the potential V(r) is 
sufficiently strong to have states of negative energy and zero angular 
momentum. In this case, in order to obtain an upper bound to the scat- 
tering length, variational wave functions for all the states of negative 
energy and zero angular momentum are required (Rosenberg, et al., 


1960). 
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2 Measurement of Collision Cross Sections 


2.1 ABSORPTION COEFFICIENT 


Consider a parallel beam of electrons having the same velocity v 
passing through a gas consisting of m identical atoms or molecules per 
unit volume. Let us suppose that the intensity J of the beam is reduced 
by an amount 6/ in traversing a distance 5x. Then, assuming that any 
collision between an electron and a gas particle results in the removal of 
the electron from the beam, we have 


SI = nOSx (75) 


where Q is the total collision cross section for encounters between 
electrons of velocity v and the gas particles. Hence, it follows that 
the intensity J(«) of the beam at a distance x from a fixed point O 
is given by 


I(x) = I(O)e-#* (76) 


where a = nQ is called the absorption coefficient. 
If the gas is at a pressure p mm Hg and at a temperature 0°C, then 


OQ =2.81 x 10-1? > om (77) 


The absorption coefficient at 1 mm Hg pressure and 0°C temperature 
is sometimes referred to as the probability coefficient of collision Po. The 
numerical value of P, in units of cm?/cm? (0°C, 1 mm Hg) is by chance 
very nearly the same as the total collision cross section Q in units of 
a? = 2.80 x 10-2? cm?. 

Provided the energy of the incident electrons is less than the minimum 
energy required to excite a gas particle (e.g., 10.2 ev for atomic hydro- 
gen and 19.7 ev for helium), the total collision cross section is the same as 
the total elastic cross section. At electron energies above the threshold 
energy for excitation, the total collision cross section will include a 
contribution from inelastic collisions. 

The earliest measurements of probability coefficients of collision were 
made using the method of Ramsauer (1921). 
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2.2. DIFFUSION THROUGH GASES 


We consider a swarm of electrons diffusing through a gas, the mean 
kinetic energy of the electrons being assumed so small that only 
elastic collisions between the electrons and gas atoms can occur. 

If m is the mass of an electron and M is the mass of a gas atom, the 
fractional energy lost by an electron deflected through an angle 6 due to 
a collision with an atom is given by 


—— (1 — cos @) (78) 


neglecting terms of order (m/M)*. The mean fractional energy loss per 
collision is therefore 


es 2 (79) 
where 
Qn = {" [ "(1 — cos 6) 1(6) sin 0 40 ae (80) 
0°o0 


is called the momentum transfer cross section or the diffusion cross section. 
At very low impact energies the differential cross section J(6) is inde- 
pendent of the scattering angle 9 and then Qp is identical to the total 
elastic cross section Q. 
The collision frequency for momentum transfer for electrons having 
velocity v is given by 
ve = UP cp (81) 


where Py is the probability coefficient of collision for momentum transfer 
and p is the gas pressure normalized to 0°C temperature. 

We now consider a swarm of electrons of density , diffusing through 
a gas in the presence of an electric field E exp iwt. Then the equation 
of motion of a typical electron is 


m i = eF exp iwt — mv vo (82) 


and so, making the simplifying assumption that ve is independent of 2, 
we obtain 
_ eE exp twt 


Hence, the current density 7 = n,ev is given by 


. _n,eE exp it 
~~ m(ve + iw) * ae 
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Now j = cE exp iwt, where o = o, + io; is the complex conductivity, 
and so it follows that 


or se 

ae’ (85) 
In the case of a constant electric field E, we see that the mean velocity 

with which the swarm of electrons diffuses through the gas in the direc- 

tion of the field is given by 


u = eE/my¢. (86) 


This is called the drift velocity. 


2.3. MiIcROWAVE MEASUREMENTS 


Phelps et al. (1951) and Gould and Brown (1954) have developed a 
microwave method for determining the probability coefficient of colli- 
sion for momentum transfer by measuring the conductivity of a decaying 
plasma after the electrons have attained thermal equilibrium with the 
gas atoms. 

Consider an ionized gas in thermal equilibrium under the action of 
an applied high-frequency electric field E cos wt. For low gas pressures, 
we have v¢ < w?, and then the electron velocity distribution function has 
the Maxwellian form 


f(v) = A exp (— $mv*/RTe) (87) 
with 
kT o = kT g + e2ME*|6m2u? (88) 


where 7g is the temperature of the gas atoms and Te is the electron 
temperature. 
It follows from (85) that at low gas pressures 


as | on etexp (— [RT e) de iI |i exp(— fhTe) de. (89) 
A general proof of this result has been given by Margenau (1946) 
who made no assumption regarding the dependence of ve on v. In the 
method used by Gould and Brown (1954) to measure the electron 
conductivity ratio p = p-\(c,/o,), the gas being investigated was con- 
tained in a copper cavity constructed in the form of a rectangular 
parallelepiped resonating in its three fundamental modes at wavelengths 


9.5, 10.0, and 10.5 cm. 
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A9.5 cm pulsed magnetron was employed to break down the gas fora 
time duration varying between 0.1 and 5 msec and at a repetition rate 
varying from 20 to 120 cps. The time constant for the electrons to cool 
down from the high mean energy during the discharge to the gas tem- 
perature is of the order of M/2mv, which for helium is about 20/p psec. 

A 10.0 cm continuous-wave magnetron was used to increase the aver- 
age energy of the electrons in the afterglow above the gas temperature. 
Now, in order that the condition v2 < 0.04 w? should be satisfied at a 
frequency of 3000 Mc, we require that p < 350 T,1/?. Hence, for pressu- 
res of 10 mm Hg, the maximum allowed electron temperature within 
the plasma is about 2000°K. At pressures below 10 mm Hg, the effect 
of energy gradients within the cavity becomes important. However, by 
placing the plasma within a quartz bottle contained inside the cavity, 
pressures as low as | mm Hg could be used without producing significant 
energy gradients so that electron temperatures up to 25,000°K were 
permissible. 

The presence of a plasma results in a change in the resonant frequency 
of the cavity and also in the conductance of the cavity at resonance. 
The ratio of the microwave power transmitted through the cavity to the 
incident power as a function of frequency near to the cavity resonance 
enables these changes to be determined and these yield the conductivity 
ratio p. The incident power was provided by a continuous-wave tunable 
magnetron operating in the neighborhood of the 10.5-cm mode. 

The temperature of the gas within the cavity could be varied by 
cooling the cavity to the temperature 195° and 77°K using dry ice and 
liquid air, respectively, and by heating the cavity from room temperature 
to 400°C. 

If the collision probability coefficient Pe is assumed constant, (89) 
gives 





_ Po ( 2kTe \1? 

= 1.505 — ( = ) (90) 
so that P, can then be readily calculated from the measurements of p. 

_More accurate values for the collision probability coefficient can be 
obtained by expanding in the form Pe = a + bv + cv. 


2.4 Drirr VeLociry MEASUREMENTS 


The earliest measurements of drift velocity were carried out by the 
Crossed electric and magnetic fields method introduced by Townsend 
(1925) and by the electrical shutter method devised by Bradbury and 
Nielsen (1936). 
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A more recent method for measuring drift velocities has been used by 
Hornbeck (1951). In this method a 0.1 psec light pulse from a spark 
source strikes a cathode plate releasing a short burst of photoelectrons 
which drift through the gas to the anode under the influence of an electric 
field. The drift velocity can then be determined from the time of flight 
of the electron burst. 


2.5 ATomic BEAM EXPERIMENTS 


In this type of experiment a chopped atomic beam is crossed by a 
dc electron beam. The signal derived from the electrons scattered by 
the particles of the neutral beam can be separated from the de signal due 
to electrons scattered by particles of the residual gas in the vacuum 
chamber by utilizing the frequency and phase of the former electrons. 
The most successful attempt to measure a total elastic cross section 
using this approach has been carried out by Brackmann et al. (1958) 
who were concerned with scattering by atomic hydrogen. The apparatus 
used by them is illustrated in Fig. 1. An atomic hydrogen beam pro- 
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Fic. 1. Atomic beam apparatus used by Brackmann et al. (1958) to investigate the 
elastic scattering of electrons by hydrogen atoms. 
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duced by the tungsten furnace F was modulated at 100 cps by a mecha- 
nical chopper wheel W. Electrostatic deflection plates P were used to 
prevent electrons and ions from the furnace from reaching the scattered 
electron collector C. A mass spectrometer M was employed to determine 
the proportions of hydrogen atoms and molecules in the beam, the disso- 
ciation fraction being usually maintained at about 0.90 to 0.96. The dc 
electron beam was produced by the electron gun G. The observed 
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electrons were scattered into a cone with a semiangle of 45° and with 
its axis perpendicular to the electron beam. The scattered electron 
collector C was placed within a metal shield S. 

The absolute cross section for scattering of electrons by hydrogen 
molecules into the cone observation was obtained by integrating the 
absolute differential cross section data of Ramsauer and Kollath (1932). 
When the measurements of Brackmann, Fite, and Neynaber for scatter- 
ing by a purely molecular beam were normalized to this absolute cross 
section agreement was obtained to within 5%. Hence, knowing the 
degree of dissociation in the atomic beam the absolute cross section Q4 
for scattering by hydrogen atoms into the cone of observation could be 
derived. 


2.6 MEASUREMENTS OF ANGULAR DISTRIBUTION 


The angular distribution of electrons scattered by elastic collisions 
with hydrogen atoms has been investigated by Gilbody et al. (1961). A 
modulated atomic hydrogen beam was passed through a circular hole 
situated at the center of a large disk. An electron gun was placed on the 
disk so that the electron beam intersected the neutral beam at right 
angles. The scattered electrons passed through a hole in a plate and were 
focused on to an electron multiplier. The variation of the scattered elec- 
tron signal with scattering angle was investigated by rotating the electron 
gun. The energy of the incident electrons was determined by a retarding 
potential analysis of the electron current to a small collector placed in 
front of the gun. The half-width of the energy spread was about 0.4 ev 
for electron energies below 10 ev. 

A second electron gun was employed to ionize the beam after leaving 
the collision volume. From the ratio of the peak heights of H+ to Hj as 
measured by a mass spectrometer, the dissociation fraction in the neutral 
beam could be determined. 


3 Scattering by Hydrogen Atoms 


3.1 Direct SCATTERING 


The simplest case of collisions between electrons and atoms is that 
involving atomic hydrogen. The wave function Y(r,, r.) of the system 


of two electrons moving in the field of a proton satisfies the wave equa- 
tion 


[(-Z w+ 72) -£-£45_4) Wry, ro) = 0 (91) 


Tyo 
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where E is the total energy of the system, r, and r, are the position 
vectors of electrons 1 and 2 relative to the proton and 7,1, = | r; — fr |. 

To solve this equation we expand Y in terms of the orthogonal and 
normalized set of atomic hydrogen wave functions y,(r) which satisfy 


= aS ee 7 — €] dale) = 0, (92) 


2m 


e, being the eigenenergy corresponding to the mth state of a hydrogen 
atom. 

Regarding the two electrons as being distinguishable, we may take 
electron | as the incident electron and electron 2 as the atomic electron. 
Then in the case of direct scattering for which no rearrangement of 
electrons occurs, we may put 


P(ry, to) = S Pinta) Pn(t2)- (93) 


On substituting into (91), multiplying by %*(r,) and integrating with 
respect to r, we obtain 


[73 + B3] Fey) = ES Vanes) Flt) (94) 
where 
2 = (B— «,) (95) 
and 
Vanes) = f vales) (S —-Z) bles) de (96) 


In order to proceed further we require to know the boundary condi- 
tions satisfied by F,,(r). If the atom is initially in its ground state (n = 0) 
we have for large 7 


F((r) ~ exp tRony: r + 771 exp ikor fo(9, d) (97) 
and 
F,(r) ~ 17 exp tk,7 f,(9, $) (n 4 0) (98) 


where n, is a unit vector in the direction of the incident electron. 
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3.2. BorN APPROXIMATIONS 


Clearly it is impossible to solve the infinite set of coupled differential 
equations given by (94). Thus we must resort to approximation. The 
simplest is the first Born approximation and is obtained by putting 


F(r) = exp tkony: r (99) 
F,,(r) = 0 (m#0) (100) 

on the right-hand side of (94). Then we have 
(Vi + Rnd Fa(ts) = Sy Vno(t1) exp tpt * ry (101) 

and so using the Green’s function (26) we get 

1 / 2m 
F(ry) = exp thot +r, — re (4s 7 a 

x | Bs aly teh cee wid LD 


lt1 — re | 


and 





2 Ry — 
Pyles) = — ge (Gar) J AP 8! voles) exp thong ty dry. (103) 


Hence, to the first Born approximation the elastic scattering amplitude 
is given by 


fox(0) = — 2 (22) { exp iky(ny — n)+ 2 Vor) de (104) 
where n+ ny = cos 8. 


V(r) is the potential of an electron in the static field of a hydrogen 
atom in the ground Is state. It can be readily evaluated and is given by 


tia ow (+ ‘ +) erPrlao, (105) 


r | a 
On carrying out the integration in (104) we obtain 


i (s + ki sin® 5) 


106 
(ae + § sin® 5) i 


fxi(9) = 
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For forward scattering we have fg; = a and so as @ becomes small the 
differential cross section tends to aj and is therefore independent of the 
energy of the incident electron in this limit. 

If agky sin (8/2) > 1, we have fg, ~ (1/2 agk§) csc? (6/2) and therefore 
the differential cross section is given by 


I(6) ~ (1/4 ak) csc* = : (107) 


This is identical to the differential cross section for the elastic scattering 
of electrons by the Coulomb field of a proton and so at high energies 
the effect of the screening due to the atomic electron is negligible except 
at small angles of scattering. 

The second Born approximation to the elastic scattering amplitude 
can be obtained by substituting (102) and (103) into the right-hand 
side of (94) with = 0 and solving for Fy. This gives 





So(9) = fai(9) + fa2(9) (108) 
where 
fp2(8) = S 7339) (109) 
and 
fB2(8) = ( = y ff exp tho(ng+ rj — n+ 1) 
Sap Met 85, 


HL Yon(ts) Volt’) dey dj. (110) 
| rr, | 
As this expression for fg. involves a summation over an infinite number 
of intermediate states, it cannot be evaluated without great computational 
effort unless the series of terms is cut off. Since about two-thirds of the 
polarizability of a hydrogen atom arises from the 2p states a satisfactory 
approximation to fg. can be obtained by assuming that the terms cor- 
responding to the Is, 2s, and 2p intermediate states provide the major 
contribution to fg. and that the terms corresponding to all other inter- 
mediate states can be neglected. The effect of the 1s intermediate state 
on elastic scattering is termed distortion while the effect of all the other 
intermediate states is termed polarization. 
On introducing the quantities « = Re fpo/fg,; and B = Im fpo/fni 
we see that the differential cross section given by the second Born 
approximation is 


1(9) = | for ® {1 +o)? + Bf. (111) 
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However, in the derivation of this expression, terms of the fourth order 
in the interaction energy between the incident electron and the hydrogen 
atom have been neglected. Thus, defining «’ = Re fg3/fg, where fps 
is the third Born approximation correction to the scattering amplitude, 
we find that to the fourth order 


1(8) = | fray |? {(1 + &)® + 20” + fP}. (112) 


Since «’ is neglected in (111) it is necessary to ignore all terms of the 
fourth order and to employ the expression 


1(9) = | far ? (IL + 2a) (113) 


which is exact to the third order in the interaction energy. 


TABLE I 


ELastic SCATTERING OF ELECTRONS BY HyDROGEN ATOMS? 











Wave number First Third order approximation 

ky Born 7 Distortion- 

(in aq?) approximation Distortion Polarization polarization 
0.5 2.90 6.55 4.43 8.09 
1.0 1.54 2.74 2:12) 3.32 
2.0 0.523 0.674 0.555 0.705 
3.0 0.247 0.281 0.253 0.287 
4.0 0.142 0.153 0.144 0.156 


* Total cross sections (in units of 7a‘). 


In Table I the cross sections for the elastic scattering of electrons by 
hydrogen atoms obtained by Kingston and Skinner (1961) with the 
first Born approximation and the third order approximation (113) are 

‘tabulated against the wave number &y of the incident electron. We refer 
to the results obtained with fg. = fas, foo = fea + feo and feo = 
a3 + £33 + f28 as the distortion, polarization, and distortion-polarization 
approximations, respectively. 

All the values obtained with the third order expression (113) are 
larger than the first Born cross section, the largest being that given 
by the distortion-polarization approximation. For ky < 1.5a9! the values 
of ~ are so large that it is not permissible to neglect fourth order terms. 

Owever, for ky = 2aq} (i.e., for electron impact energies 2 50 ev) the 
Ourth order correction is small and consequently the cross section given 
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by the third order distortion-polarization approximation should be 
reliable. 

Unfortunately, there are no available laboratory data on the elastic 
scattering of electrons by atomic hydrogen at sufficiently high electron 
impact energies for making a comparison between the third order 
approximation calculations and experiment. 


3.3. Static FIELD APPROXIMATION 
Consider the elastic scattering of electrons by hydrogen atoms in the 


state n. Neglecting the coupling between this state and all other states 
(94) reduces to 


[72 + at — 2 v,,(e)] Fy(e) =0 (114) 
with 
F,(r) ~ exp th, ng * r + 77} exp tk, 7 f,(8) (115) 
for large 7. 


In the case of a spherically symmetrical potential V,,,,, such as for an 
s state, the solution of (114) may be obtained by employing the method 
of partial waves described in § 1.3. On expanding F,, in the form 


P(x) = LD HL + 1) et Gy) P(cos 8) (116) 


we obtain the radial equation 





& 2 Wi+1 
| ae t Bt — Fe Vaal?) — se $n,(7) = 0 (117) 
with 
$n.il7) ~E sin (kyr — 34 + Mn,1) (118) 
for large r. 


Consider the elastic scattering of electrons by the static field V(r) 
of a hydrogen atom in the Is state given by (105). At sufficiently low 
electron energies the dominant contribution to the total elastic cross 
section comes from the zero order partial wave. The radial equation (117) 
with ]= 0 and »=0 has been solved by numerical integration by 
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McDougall (1932) and by Chandrasekhar and Breen (1946). Their 
values of the phase shift y) are given in Table IT. Seaton (1957a) has 
calculated the scattering length by numerical integration. He finds that 
it has the value — 9.44a, which gives 3567? for the total elastic cross 
section in the limit of zero energy incident electrons. Also given in 
Table II are the values of the phase shift ) obtained by Massey and 
Moiseiwitsch (1951) using Hulthén’s and Kohn’s variational methods 
with the trial function 


$1(r) = koX(1 ae gy 
x {sin or + (a + b e7/40) (1 — e7/%) cos Aor}. (119) 


Both variational methods result in essentially the same values for the 
phase shift ) and are in good agreement with the exact calculations. 


TABLE II 


ELasTic SCATTERING OF ELECTRONS BY THE STATIC FIELD OF A HyDROGEN ATOM 
IN THE Is STATE? 


i inese be Phase shift 7 (in radians) 





Ry Numerical Hulthén’s and Kohn’s 
(in ap“) integration variational methods 

0 (—9.44)° (—9.44)? 

0.1 0.730 0.721 

0.2 0.973 0.972 

0.3 1.046 1.045 

0.4 _— 1.057 

0.5 1.045 1.044 

0.6 _ 1.020 

0.8 _ 0.962 

1.0 0.906 0.904 

1.2 —_— 0.851 

1.5 _— 0.783 

2.0 _ 0.694 


ee ee ee 


we order partial wave. 
Scattering length in ao. 


_ Chandrasekhar and Breen (1946) have also carried out a numerical 
integration of the radial equation (117) with 7 = 1. Their phase shift 
"1 behaves like 0.269 &3 for small hy. 
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3.4 ExcCHANGE SCATTERING 


In the previous sections we have taken into account only the possibility 
of direct scattering in which the incident electron | is scattered by the 
target hydrogen atom and electron 2 remains bound to the proton, 
There remains the possibility of exchange scattering in which electron 2 
is ejected from the hydrogen atom while electron | is captured by the 
proton. 

If electron | is initially moving with insufficient energy to excite the 
target hydrogen atom, the boundary conditions on the wave function 
P(r, r2) are 


P(ry, 2) ~ {exp iRyng* Ty + 7" exp thor, f(4, ¢,)} Yo(t2) as 7% (120) 


~ rz" exp thor 2( 92, $2) Ho(t1) aS! fg (121) 


These boundary conditions are independent of each other and so (121) 
cannot be deduced from (120) as has been shown by Foldy and Toboc- 
man (1957) and by Epstein (1957). 


Consider the expansion of ¥ in the form 
Yes ts) =D) tlt) Fults) + f alte) Fey) de (122) 


where #,, is a hydrogen atom wave function belonging to the discrete 
spectrum and y%, is a hydrogen atom wave function belonging to the 
continuous spectrum with energy #?«x?/2m. Lippman (1956) has proved 
that F, has a singularity at the point x = ky. The path of integration 
around the singularity must be chosen so that the asymptotic behavior 
(121) is fulfilled. By carrying out the integration over « with an appro- 
priate contour, Castillejo et al. (1960) have shown that 


8B a) = — 5oa J dali) ae) (IIIf — 25 |) Mei) de dey (123) 


where #,(r) is the wave function of a free electron moving in the Cou- 
lomb field — (e?/r) and having the asymptotic form 


x(t) ~ exp kon + r + 17 exp thor f.(9, 4), (124) 


6,, 6, being the polar angles of n relative to no. 

In order to take account of the inherent indistinguishability of the two 
electrons, the total electronic wave function of the system must be 
antisymmetrical with respect to interchange of both the space and spin 
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coordinates of the two electrons. Hence, the space part of the wave 
function is taken to be 
P#(ry, to) = P(r, ro) + P(r, 11) (125) 
where Y+ and Y~ are associated with the singlet and triplet spin func- 
tions, respectively. Then for large 7, 
P#(ry, re) ~ {exp thoy ty + nO exp thor,(f + g)} fo(72)- (126) 


It follows that the differential cross section is given by 


K(6,¢)=4B8lf—g? +f +l}. (127) 


3.5  ExcHANGE APPROXIMATION 


On writing Y in the form 
P(ry, 2) = S Frit) pm( 2) (128) 


we get 
Wry, ta) = S Fou(ta) Pn(e) + S Farlts) Yn(t2)- (129) 


Castillejo et al. (1960) have shown that in such a symmetrized expansion 
the integration over the continuous spectrum does not involve a singu- 
larity. 

Substituting into (91), multiplying by ¥%*(r,), and integrating with 
respect to r, we obtain 


[Vi + Ae] Fa(ry) 
= = S Viem(¥1) F(t) + | Kan(?y 82) F(t) dr,{ (130) 
where 
Kym(ts #2) = v(t) Yn(ts) \E— &y — én — =. (131) 


Consider the elastic scattering of electrons by hydrogen atoms in the 
State n. If we neglect the effect of all states other than the state m the 
infinite set of coupled integro-differential equations (130) reduce to the 
Pair of uncoupled equations corresponding to positive and negative 
Symmetry 


[Pi + at — 2 v,n(e)] Filey) 2% f Kult 2) Files) dey =0 (132) 
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where for large r 
F*(r) ~ exp ikany+ r + 171 exp ik, f, (9, 4). (133) 


The differential cross section for elastic scattering by a hydrogen atom 
in the state m is then given by 


. 16,9) =FBlh Pit - (134) 
Expanding F#(r) in the form 


Fe(s) = FOL V)exp (nn) dale) Pucos 8) (138) 


we obtain in the case of scattering by an s state atom 


ie 





A hy 


£2 [whats Bir) dr’ =0 (136) 


ad? 2m 
dr? + Re aaa Fe Vil) — 


where 


Kilts 1) = peg 7 Yale) dale’) {(E —2en)8on — ites} (137) 


and 
yr (<7) 


vil7, r’) = Ur'b/ptt (r' < r); (138) 
the asymptotic form of $% ,(r) for large r being 
¢,.(r) ~ = sin (k,r — $17 + 7) (139) 


The solutions of the pair of equations (136) for the / = 0 partial wave 
corresponding to the case of elastic scattering by hydrogen atoms in the 
ground Is state was first attempted by Morse and Allis (1933) by 
numerical integration. Unfortunately, it seems that they made an error 
in their derivation of the kernal «!,,. This was pointed out by Seaton 
(1957a) who carried out the numerical integration of the correct radial 
equations in the limit of zero energy obtaining the value a, = 8.06 a, 
a_ = 2.35 a for the singlet and triplet scattering lengths, respectively. 

The total elastic cross section in the limit of vanishing energy is given 
by 

O(ky = 0) = 2(3a2 + a2) (140) 
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the value of O(ky = 0) obtained by Seaton being 81.57a§ which is much 
smaller than the corresponding value of 3567a§ calculated by Seaton 
neglecting exchange (cf. § 3.3). 

For nonvanishing values of the electron energy, calculations have been 
carried our for the zero order partial wave by Massey and Moiseiwitsch 
(1951) using Hulthén’s and Kohn’s variational methods with the trial 
function (119) for ¢é(r). The values of their phase shifts né are given 
in Table III. Whereas the zero order phase shift 7) corresponding to the 
static field approximation tends to zero in the limit of vanishing electron 
energy, the zero order phase shifts n¢ corresponding to the exchange 
approximation tend to 7. 


TABLE III 


ELasTic SCATTERING OF ELECTRONS BY HyDROGEN ATOMS IN THE ls STATE? 


Phase shift (in radians) 





Wave number Correlation Exchange-correlation 

Ry Exchange approximation approximation approximation 
(in a5") ng no No ny 1 

0 (+ 9.03)® (+ 2.35)? —_— (+ 7.4)® (2.34)? 
0.1 2.403 2.908 2.386 2.484 2.909 
0.2 1.819 2.679 1.963 2.003 2.680 
0.3 1.486 2.463 1.716 1.649 2.447 
0.4 1.250 2.257 1.545 1.425 2.248 
0.5 1.074 2.070 1.413 1.250 2.039 
0.6 0.940 1.901 1.307 1.095 1.909 
0.8 0.756 1.614 1.143 0.857 1.621 
1.0 0.645 1.390 1.027 0.708 1.398 
1,2 0.583 1.217 0.938 0.630 1.225 
1.5 0.546 1.027 0.840 0.599 1.036 
2.0 0.542 0.826 0.730 0.600 0.838 





* Zero order phase shifts calculated by Hulthén’s variational method. 
* Scattering length in ay. 


Bransden et al. (1958) have also calculated 7§ to the exchange 
approximation using variational methods with a different form of 
trial function to (119). Their values of 79 are only slightly different from 
those obtained by Massey and Moiseiwitsch while their values of 7, 
though more accurate at low energies, are less accurate at the higher 
€nergies than those calculated by Massey and Moiseiwitsch. Bransden 
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et al. (1958) also calculated the phase shifts n4{ to the exchange appro- 
ximation using variational methods. 

The elastic scattering of electrons by hydrogen atoms in states other 
than the ground state have also been investigated. Thus, Erskine and 
Massey (1952) calculated the zero order phase shifts ng for scattering 
by 2s hydrogen atoms and Massey and Khashaba (1958) calculated the 
zero order and first order phase shifts nf, nf, respectively, for scattering 
by 2p hydrogen atoms. 


3.6 CORRELATION 


In the static field approximation to the elastic scattering of electrons 
by hydrogen atoms in the ground state, it was assumed that the zero 
order partial wave function can be written in the separable form 


PYo(ry, T2) = Yo(re) Fo(r1)- (141) 


However, this makes no explicit allowance for the mutual interaction of 
the two electrons involved in the collision. For the zero order partial wave 
it has been shown (Hylleraas, 1929) that the wave function depends on 
the three distances 7,, 7,, and 7,. but not on any of the angular coordin- 
ates. Hence, we may write the wave function of the / = 0 partial wave 
in the form ¥Y)(7,, 72, 712): 

Massey and Moiseiwitsch (1951) have used Hulthén’s and Kohn’s 
variational methods to investigate the effect of the correlation between 
the two electrons by introducing a term depending on 7, in the trial 
function. They chose a trial function first suggested by Huang (1949) 
having the form 


Y(t, Te Ne) = ee ri bt(71, 712) Po(72) (142) 
where 


$t(ry Te) = Rol + ay” 
x [sin kor, + {a + (b + crys) e-71/20} (1 — 70!) cos key]. (143) 


We shall refer to this as the correlation approximation and the values of 
the phase shift ) obtained with its use are given in Table III. Clearly 
the effect of correlation is very important. Thus, in the static field 
approximation the phase shift 9 tends to zero as ky becomes small 
whereas in the correlation approximation 7 tends to 7. 
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3.7 PosiTRON SCATTERING 


Massey and Moussa (1958) have used Hulthén’s and Kohn’s varia- 
tional methods with the trial function given by (142) and (143) to 
calculate the zero order phase shift for the elastic scattering of positrons 
by hydrogen atoms. They found that the effect of the correlation term 
cry2 in (143) was small. Thus, they obtained the values 0.512 a) and 
0.582 a, for the scattering length with and without allowance for correla- 
tion, respectively. 

However, Spruch and Rosenberg (1960) have re-examined the problem 
in the zero energy limit using the trial function 


Piri, Ye, T12) = rife eles {A(1 rat etre) a7 7} Big oe ers 
+ Cry erat trie) 40 4. Dry ert 712/4)/40), (144) 


They obtained the value — 1.397 ay for the scattering length which is 
opposite in sign and larger in magnitude than the value calculated by 
Massey and Moussa. Hence, the effect of correlation is actually very 
important in the case of the elastic scattering of positrons by hydrogen 
atoms. Spruch and Rosenberg also point out that the value of the 
scattering length obtained with the variational method is an upper bound 
to the exact scattering length (cf. § 1.7) and that since it is negative it 
provides a lower bound to the zero energy limit of the elastic cross 
section of magnitude 7.80 zap. 


3.8 ExCHANGE-CORRELATION APPROXIMATION 


For the elastic scattering of electrons by hydrogen atoms a more 
accurate approximation than either the exchange approximation or the 
correlation approximation is the exchange-correlation approximation 
which was first used by Massey and Moiseiwitsch (1951). They took a 
trial function having the form 


Pi (rys Toy To) = Pura, Fes Tre) & Pt(7 2, 71) 712) (145) 


Where V(r, 79, 74) is given by (142) and (143). This function allows for 
both exchange and correlation. The values of the phase shifts yg obtained 
With it are given in Table III. In the antisymmetrical case the introduction 
of correlation has a negligible effect upon 79. This is to be expected as 
the antisymmetry of the space wave function gives a small probability 
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of finding the two electrons close together. For the symmetrical case the 
effect of introducing the correlation term crj, is to increase the phase 
shift 73 somewhat. For comparison purposes the phase shifts obtained 
with the use of the various approximation are illustrated in Fig. 2. 
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Fic. 2. Zero order phase shifts for the elastic scattering of electrons by hydrogen 
atoms calculated by Massey and Moiseiwitsch (1951) using the variational method. 
Curve I, static field approximation; curve II, polarization approximation; curve IIIa, 
exchange approximation, antisymmetric case; curve IIIb, exchange approximation, 
symmetric case; curve IVa, exchange-correlation approximation, antisymmetric case; 
curve IVb, exchange-correlation approximation, symmetric case. 


Rosenberg et al. (1960) have investigated the case of zero energy 
scattering using the trial functions given by (145) with 


Pe(ry, Yas M12) = ry [e-72/% {A(1 — a) ny} 
+ Br, eW(eryt+dre) /ag 4. Cr, ery tore+hrys) /a9) (146) 


They obtained the values a, = 6.23 ay and a_ = 1.93 ay for the singlet 
and triplet scattering lengths. These values for a, are upper bounds to 
the scattering lengths and so the corresponding value 49.8 za% of the 


zero energy limit to the elastic cross section is also an upper bound. 
It has been shown by Ohmura et al. (1958) and also by O’Malley 
et al. (1961) that 


ky cot mg = —y +5 (y? +i) +O ((¥ + Ry} (147) 


9. ELASTIC SCATTERING OF ELECTRONS 311 


where fi*y?/2m is the electron affinity of atomic hydrogen and 


1 1 
oo ae (148) 
is the effective range for the singlet case, c being the asymptotic ampli- 
tude of the normalized wave function of H-. 

Ohmura and Ohmura (1960) have used the wave function for H~- 
calculated by Pekeris (1958) with a variational trial function having 
202 adjustable parameters to calculate y and c. They find that 
y = 0.235588 ay? and p = (2.646 + 0.004)a, which gives good agree- 
ment with the exchange-correlation approximation calculation of Massey 
and Moiseiwitsch (1951) in the singlet case for values of ky < 1.0 aq}. 

If the third term on the right-hand side of (147) is neglected we 
obtain a, = 6.167 a, for the scattering length in the singlet case. This is 
somewhat smaller than the value given in Table III but is in good agree- 
ment with the value obtained by Rosenberg et al. (1960). 


3.9 POLARIZED ORBITALS 


An electron situated at a distance 7, from the nucleus of an atom 
induces a dipole moment in the atom which gives rise to an induced 
dipole potential Vp(r,) behaving like — a/2r{ for large r,, where « is the 
polarizability of the atom and is given by « = (9/2) ea? in the case of 
hydrogen. The corresponding first order perturbed hydrogen atom wave 
function is (Dalgarno and Lewis, 1955) 





dara) [1 — > a wise +a,"2| P,(cos @)} (149) 


where f, . f. = cos 9. 
The method of polarized orbitals employs a trial wave function having 
the form 


Pry, 9) = Fo(ry) {Wo(t2) + ¥por(ts r2)} 
+ F)(re) {ho(11) + bpor{te r,)} (150) 


where 
a 1 St ro 
tror(r,, Yr) ~~ to(72) z ret (m +1) + ay | P,,,(cos 6). (151) 
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This method has been used by Temkin and Lamkin (1961) who made 
allowance for the dipole term of po, only by putting 


beoultas #2) = — eras ra) bolts) ap (2 + gure) Pu(cos @) (152) 


where 
yl (7, > 12) 


(71 72) = ig eer’ (153) 


Substitution of (150) with (152) into the wave equation (91), multipli- 
cation by (72) P,(cos 0,) and integration with respect to all coordinates 
except 7, results in an infinite set of radial equations, one for each angular 
momentum value of the incident electron. 

Temkin and Lamkin (1961) have solved the radial equations for the 
1=0,1, 2 partial waves by numerical integration. The values of the 
phase shifts obtained by them are given in Table IV where they are 
compared with the phase shifts obtained by the exact numerical integra- 
tion of the radial equations (136) corresponding to the exchange appro- 
ximation in which poz is neglected. 

The partial cross sections for / = 0, 1, 2 given by 


0, = 430; + Q7) (154) 
where 


QF =F (21 + 1) sin? nf (155) 
0 


are displayed in Table V as is the total elastic cross section 


TABLE V 


Cross SECTIONS FOR THE ELASTIC SCATTERING OF ELECTRONS 
BY HyDROGEN ATOMS IN THE ls STATE 








Wave number Partial cross sections Total cross section 
ky (in 77a?) (in 7a?) 
eo 
(in a5) Qo Q, QO. o= 0 

1=0 

0 41 0 0 41 

0.3 22.1 0.99 0.030 23.1 

0.5 12.2 2.14 0.088 14.4 

0.75 6.28 2.31 0.166 8.8 


1.0 3.44 1.73 0.207 5.4 
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3.10 COMPARISON BETWEEN THEORY AND EXPERIMENT 


Until the atomic beam experiments of Fite and his collaborators, there 
was scanty and uncertain experimental information about the elastic 
scattering of electrons by hydrogen atoms. 

The earliest investigations were carried out by Kruithof and Ornstein 
(1935) and by Lindemann (1935) who were concerned with the measure- 
ment of the total cross section including both elastic and inelastic 
collisions. Kruithof and Ornstein directed an electron beam through 
hydrogen gas at pressures of 0.01 to 0.05 mm Hg. From the broadening 
of the beam due to elastic collisions they estimated the total cross section 
for scattering of electrons by a mixture of atomic and molecular hydrogen. 
Since the degree of dissociation of the hydrogen gas was known and the 
total cross section for the scattering of electrons by molecular hydrogen 
had been measured by previous investigators (cf. §5.1), they were 
able to determine the total cross section for scattering of electrons by 
atomic hydrogen. For electron energies in the range 17-28 ev, they 
found a total cross section of about 7 to 8 za@. In their paper they also 
give some results obtained by Lindemann. They make no reference to his 
experimental method but quote values of about 5 za? for 13 ev electrons 
rising to about 9 zra@ for 50 ev electrons. At 13 ev the total cross section 
obtained by Lindemann is slightly lower than the calculated total elastic 
cross section for ky = 1 given in Table V. 

Maecker et al. (1955) have obtained a mean value of about 150 zra§ 
for the total cross section at an electron temperature of about 12,000°K 
from measurements of the conductivity of a water-stabilized high- 
pressure arc. This value is very much greater than the calculated total 
elastic cross section at the corresponding mean electron energy of 
I ev (i.e., ky = 0.3 ap1). Bederson et al. (1957) have measured the 
total cross section by a method employing a chopped atomic hydrogen 
beam crossed by a dc electron beam (cf. § 2. 5). They found a 
resonance in the total cross section with a maximum value of about 
100 za} occurring at an electron impact energy of 3 ev decreasing 
to about 67a at 11 ev. The latter value is in satisfactory accord 
with theory, but at 3 ev their total elastic cross section is very much 
larger than that calculated by Temkin and Lamkin (1961) with al- 
lowance made for both exchange and polarization for the s, p, and d 
waves. 

The most recent experimental data has been obtained by Brackmann 
et al. (1958) employing a similar experimental approach to that used by 
Bederson et al. and already described in § 2.5. Brackmann e¢ al. show 
that if partial cross sections of higher order than unity are neglected, 
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the total elastic cross section Q and the first order partial cross section 
Q, are related to their absolute cross section Q, for scattering of electrons 
by hydrogen atoms into the cone of observation by the formula 


QO = 6.85 QO, + 0.60Q,. (156) 
Choosing Q, to be that calculated by Temkin and Lamkin (1961) and 


given in Table V, the experimental measurements of Q, result in the 
values of the total elastic cross section depicted by crosses in Fig. 3.t 
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Fic. 3. Total cross sections for the elastic scattering of electrons by hydrogen atoms. 
Curve represents total cross section calculated by Temkin and Lamkin (1961) using the 
method of polarized orbitals. Crosses denote total cross sections derived from the experi- 
mental data of Brackmann et al. (1958). 


Very good agreement between the experimental observations by Brack- 
mann et al. (1958) and the polarized orbital calculations of Temkin 
and Lamkin (1961) is apparent. 

Gilbody et al. (1961) have used the method given in § 2.6 to obtain 
the differential cross section for the elastic scattering of electrons by 
hydrogen atoms. Their results are displayed in Fig. 4. At 7.1 ev they 
obtain the value 0.25 (+ 20 %) for the ratio Q,/Q) which is somewhat 


+ Recent measurements by Neynaber et al. (1961b) suggest a smaller total elastic 
Cross section. 
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smaller than the value 0.37 calculated by Temkin and Lamkin (1961) 
using the method of polarized orbitals at 7.6 ev. 
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Fic. 4. Differential cross sections for the elastic scattering of electrons by hydrogen 
atoms obtained experimentally by Gilbody et al. (1961). 


Differential cross section ( per unit solid angle) 
eo) 


O 


4 Scattering by Complex Atoms and Ions 


4.1 Hetium: CALCULATIONS 


The elastic scattering of electrons by the Hartree field of a helium 
atom in the ground state has been investigated by McDougall (1932) 
who solved the appropriate radial equations for the / = 0, 1, 2 partial 
waves by numerical integration. The values of the phase shifts obtained 
by him are given in Table VI. Subsequently, Morse and Allis (1933) 
solved the integro-differential equations corresponding to the exchange 
approximation for the / = 0,1 partial waves by numerical integration. 
The wave function of the system was taken to have the symmetrized 


form 
Pry, te, 3) = D>) Felts) oltre rs) x(15 2, 3) (157) 


1,2,3 
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where x(1; 2, 3) = (1/+/2) «(a83 — Box) is a doublet spin function, 
» is the Hartree wave function for the ground state of the helium 
atom, and the summation is cyclical over 1, 2, 3. The scattering lengths 


TABLE VI 


ELASTIC SCATTERING OF ELECTRONS BY THE HARTREE FIELD oF HELIUM? 











Wave number Phase shift (in radians) 
k 
(in ag?) No By Ne 
0 (5.266)? 0 0 
0.136 2.507 _ _ 
0.272 2.108 — _ 
0.608 1.659 0.020 _ 
0.859 1.481 _ _ 
1.053 1.360 0.070 0.006 
1.359 1.256 _ = 
1.922 1.093 0.186 0.041 
3 0.898 0.272 0.095 
4 0.784 0.301 0.130 
5 0.696 0.308 0.152 


“Phase shifts calculated by numerical integration. 
> Scattering length in ay. 


for the static field approximation and the exchange approximation have 
been calculated by Moiseiwitsch (1961) who obtained the values 5.27 ag 
and 1.442 a, respectively. These give for the total elastic cross section 
in the limit of zero energy the values 111 wag and 8.32 7a3, respectively. 
Evidently the effect of exchange is very important. Moiseiwitsch (1953) 
has also carried out a variational method calculation for the zero order 
partial wave employing the trial function: 


Fo(r) = (kr)-1 (1 + a?)-1/2 
x {sin kr + [a + b exp (— Zr/ay)] [1 — exp (— Zr/ap)] cos kr} (158) 


where k is the wave number of the incident electron, and taking for the 
ground state wave function of the helium atom 


wy 


dala 72) = oy exp [— Zlre + Nad (159) 
0 


with Z = 27/16. Even with such a simple form of trial function the 
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resulting phase shifts which are displayed in Table VII are quite accurate 
particularly in the case of the exchange approximation for which a 
scattering length of 1.46 a, is obtained. 


TABLE VII 


ExastTic SCATTERING OF ELECTRONS BY HELIUM ATOMS IN THE GROUND STATE? 











Wave number Phase shift yp (in radians) 
Rk 
(in ag?) Static field approximation Exchange approximation 
0 —_— (1.46)? 
0.136 2.34 2.95 
0.272 1.96 2.75 
0.608 1.58 2.31 
0.859 1.43 2.03 
1.053 1.34 1.84 
1.359 1.22 1.60 
1.922 1.07 1.29 


* Zero order phase shift calculated by Hulthén’s variational method. 
> Scattering length in ap. 


In the limit of zero energy incident electrons the phase shift 7p is 
equal to 7 radians. However, this does not mean that a stable helium 
negative ion exists (cf. § 1.6) due to the fact that the Pauli principle 
excludes the possibility of the third electron being bound in a Is state 
and the potential field is insufficiently strong to bind the additional 
electron in a 2s state. 

A third order distortion approximation calculation for the elastic 
scattering of electrons by helium atoms (cf. § 3.2) has been performed 
by Moiseiwitsch and Shields (1962). Their partial cross sections are 
in satisfactory agreement with those derived from the phase shifts 
calculated by McDougall (1932) except for the zero order partial wave. 


4.2 HELIUM: COMPARISON BETWEEN THEORY AND EXPERIMENT 


In Fig. 5 a comparison is made between the total elastic cross sections 
calculated by Morse and Allis (1933) and the laboratory data obtained 
by Ramsauer and Kollath (1932) and by Normand (1930) for slow 
electrons. The differential cross sections predicted by the calculations 
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of Morse and Allis (1933) are compared with the experimental data of 
Ramsauer and Kollath (1932) and of Bullard and Massey (1931) in 
Fig. 6. Since Bullard and Massey do not give absolute values, their data 
have been multiplied by an arbitrary constant in order to obtain the best 
fit between experiment and theory. 
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Fic. 5. Total cross sections for the elastic scattering of electrons by helium atoms. 
The full line and the broken line represent cross sections calculated by Morse and Allis 
(1933) with and without allowance for exchange, respectively. The circles and crosses 
denote the experimental data of Ramsauer and Kollath (1932) and of Normand (1930), 
respectively. 


Evidently, good agreement between the calculations using the 
exchange approximation and the experimental data is obtained for both 
the total and differential cross sections. However, when exchange is 
neglected in the theory the agreement is rather poor at the lower energies. 

Gabriel and Heddle (1960) have investigated the excitation of helium 
atoms by electrons. If their excitation cross sections are added to the 
ionization cross section of Smith (1930) and the sum subtracted from 
the total cross section data of Normand (1930), the total elastic cross 
Section can be determined. It is found that if Normand’s data are 
Increased by 20 %, good agreement between the calculations of Mc- 
Dougall (1932) and experiment is obtained for electron energies greater 
than 20 ev. 

For electron energies below about 2 ev, a considerable amount of 
€xperimental information has been obtained by the investigation of the 
behavior of electron swarms in helium gas. From microwave measure- 
ments of electrical conductivity (cf. § 2.4) Phelps et al. (1951) obtained the 
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value 19 cm?/cm*® (0°C 1 mmHg) for the probability coefficient of 
collision P, for momentum transfer at the mean electron energy 0.04 ev, 
Gould and Brown (1954) obtained 18 + 2 cm?/cm for electron energies 


20 





Differential cross section (per unit solid angle) 


O 30 60 90 120 50 ~=—180 
Scattering angle (in degrees) 


Fic. 6. Differential cross sections for the elastic scattering of electrons by helium 
atoms. The full line and the broken line represent cross sections calculated by Morse 
and Allis (1933) with and without allowance for exchange, respectively. The circles 
and crosses denote the experimental data of Ramsauer and Kollath (1932) and the triangles 
denote the data of Bullard and Massey (1931). 


between 0 and 0.75 ev, increasing to a maximum value of 19 + 2 cm?/cm® 
at 2.2 ev, and Anderson and Goldstein (1956) obtained 23-26 cm?/cm? 
in the range of electron energies between 0.04 and 0.4 ev. By measuring 
drift velocities Bowe (1960) obtained 28 + 1 cm?/cm’ for Pe, for electron 
energies between 0.13 and 4 ev, and Phelps et al. (1960) obtained 
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22 cm?/cm? for electron energies below about 2 ev.t The latter authors 
found good agreement with the drift velocity measurements of Townsend 
and Bailey (1923), Nielsen (1936), and Hornbeck (1951) for E/p values 
greater than 0.05 volt cm-!/mm Hg, but not with the measurements of 
Townsend and Bailey for E/p in the range 0.01-0.05 volt cm—1/mm Hg. 
Apart from this early work of Townsend and Bailey for low values of 
E/p, the experimental data quoted above is consistent with a constant 
value of Pe for electrons with energies less than about 2 ev. 

From Fig. 5 we see that the total elastic cross section for electrons 
of zero energy calculated by Morse and Allis (1933) using the exchange 
approximation is equivalent to a probability coefficient of collision Pe of 
magnitude 30 cm?/cm* which is somewhat larger than most of the 
experimental data for Pe. The total elastic cross section for zero energy 
electrons given by the numerical calculation of the scattering length by 
Moiseiwitsch (1961) is equivalent to a probability coefficient of collision 
equal to 26 cm?/cm*. This is in fairly satisfactory agreement with the 
experimental data at low electron energies, the remaining discrepancy 
being probably due to the neglect of polarization in the calculations. 


4.3 INERT GasES 


A detailed discussion of the early experimental and theoretical work 
on the elastic scattering of electrons by the inert gases has been given 
by Massey and Burhop (1952) and need not be repeated here. 

A recent source of information concerning the scattering of electrons 
by the inert gases comes from the observations of drift velocities of 
electrons carried out by Bowe (1960) using the technique introduced by 
Hornbeck (1951) (cf. § 2.4). The momentum transfer cross sections Op 
derived by him are in satisfactory accord with the calculated values of Op 
obtained from the measurements of the total cross section carried out 
by Ramsauer and Kollath (1932). 

Microwave measurements of the collision probability coefficient 
for electrons with a mean energy of 0.04 ev have been made by Phelps et 
al. (1951) who obtained the values 3.3, 2.1, 54, and 180 cm2/cm? (0°C 
1 mm Hg) for neon, argon, krypton, and xenon, respectively. 

Kivel (1959) has calculated the total elastic cross section for the 
Case of argon employing essentially the same method as Holtsmark 
(1929) involving the use of a Hartree atomic field modified by the inclu- 


t Pack and Phelps (1961) have reported the value 19 cm?/cm® for P, at mean electron 
*nergies in the range 0.003-0.05 ev. 
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sion of a polarization term behaving as — a/2r* for large distances r 
from the atomic nucleus, « being the polarizability of the atom. He 
obtained good agreement with the total cross section measurements of 
Ramsauer and Kollath (1929). However, at very low energies he found 
that the effect of the tail of the polarization potential results in a large 
increase in the cross section. Thus, he obtained 27, 14, 2, and 5a? for the 
zero order partial cross section Q, at the electron energies 0, 0.02, 0.55, 
and 1.2 ev, respectively. His cross section curve lies considerably above 
the value for the collision probability obtained by Phelps et al. (1951) 
for argon at 0.04 ev. 


4.4 POSITRON SCATTERING BY INERT GASES 


Teutsch and Hughes (1956) have derived cross sections for momentum 
transfer for positrons in helium, neon, and argon by analyzing the data 
of Marder et al. 1956) on the slowing down of positrons in the inert 
gases. At a mean positron energy of approximately 18 ev they found 
0.023, 0.12, and 1.57a§ + 25% for helium, neon, and argon, respectively. 

These values are much smaller than were obtained by Massey and 
Moussa (1958) who calculated the elastic cross sections for the scattering 
of positrons by helium, neon, and argon by numerical integration of the 
appropriate differential equations employing the static field approxima- 
tion with self-consistent atomic fields. Thus, for positrons having 
13.6 ev energy, Massey and Moussa obtained 0.53, 2.25, and 5.217a}, 
respectively. It appears therefore that polarization effects are very 
important. In the case of the scattering of positrons by hydrogen atoms, 
it was found by Spruch and Rosenburg (1960) that the effect of polariz- 
ation changed the sign of the scattering length and at the same time 
increased its absolute magnitude. However, Allison et al. (1961), using the 
variational method, have shown that for the scattering by helium atoms the 
introduction of a term corresponding to dipole polarizability decreases 
the absolute magnitude of the scattering length though changing its 
sign. They find a total elastic cross section for zero energy positrons 
of 0.l7az which is still rather larger than that found experimentally at 
18 ev. 


4.5  OxyGEN AND NITROGEN 
The first detailed calculations on the elastic scattering of electrons 


by atomic oxygen were carried out by Bates and Massey (1943, 1947). 
They considered the case of a free electron with zero angular momentum 
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moving in the field of an oxygen atom in the lowest °P term of the ground 
2p* configuration. Thus, there arise two states of the whole system, 
a 2P state and a 4P state. Bates and Massey solved the relevant Hartree- 
Fock equations by numerical integration allowing for polarization by 
introducing an empirical polarization potential term having the form 


Vp(r) = — Day On i[(r2,. + 72)? (160) 


where a,,,; and 7,, are the polarizability and radius of the shell of the 
oxygen atom with principal quantum number 2 and azimuthal quantum 
number /. For large 7 this term behaves like — «/2r* where « = 2), a, 
is the polarizability of an oxygen atom. Bates and Massey chose 
a = 5.69e?a§ which they obtained by using the method described by 
Buckingham (1937). 

A more recent calculation has been carried out by Temkin (1957) who 
employed the method of polarized orbitals (cf. § 3.9). He made allo- 
wance for the d orbitals of the oxygen atom which contribute 3.6e?a to 
the polarizability. This is about 70% of the semiempirical value 
5.2e%a8 for the polarizability of atomic oxygen (Alpher and White, 1959). 

The zero order partial cross section for the elastic scattering of elec- 
trons by atomic oxygen in the °P term of the ground configuration is 
given by 


Qo = 3 {QCP) + 20(+P)} (161) 


where Q(2P) and O(P) are the cross sections corresponding to doublet 
and quartet scattering. The zero order partial cross sections obtained 
by Bates and Massey (1947) and by Temkin (1957) are illustrated in 
Fig. 7. The exchange-polarization terms which are included in the 
method of polarized orbitals increase the zero order partial cross section 
by only 15 %. However, the cross section is very sensitive to the value of 
the polarizability « which is assumed. Thus, a large increase in the zero 
order partial cross section results from using « = 3.6e2a3 as chosen by 
Temkin (1957) rather than « = 5.7ea3 as chosen by Bates and Massey. 

Klein and Brueckner (1958) have used a similar approach to that 
employed by Bates and Massey to investigate the elastic scattering of 
electrons by atomic oxygen. They chose « = 5.589 ea so as to give the 
value 1.45 ev for the electron affinity of an oxygen atom determined 
€xperimentally by Branscomb and Smith (1955). With this value of the 
Polarizability they obtained a scattering length a = 1.613a) and an 
€Hective range ry = 0.860a, for the doublet case of the elastic scattering 
of electrons by oxygen atoms. 


324 B. L. MOISEIWITSCH 


From simultaneous measurements of the dc conductivity and the 
microwave absorption coefficient of atomic oxygen in a shock tube, Lin 
and Kivel (1959) have been able to determine the collision frequency 
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Fic. 7. Zero order partial cross sections for the elastic scattering of electrons by 
oxygen atoms. Curve I, cross section calculated by Bates and Massey (1947); curve II, 
cross section calculated by Temkin (1957). 


of electrons in atomic oxygen giving a cross section of about 27a for a 
mean electron energy of 0.5 ev. This is in fairly satisfactory agreement 
with the calculations of Bates and Massey but not with those of Klein 
and Brueckner. 

Neynaber et al. (1961a) have measured the total cross section for the 
elastic scattering of electrons by oxygen atoms using a crossed beam 
technique similar to that described in § 2.5. They find a cross section 
which is nearly constant at 6.2 + 0.5zag over the range of energies 
from 2.3 to 11.6 ev. This value is in satisfactory agreement with an 
extrapolation of the cross section calculated by Bates and Massey (1947) 
if allowance is made for the p wave contribution. 

Klein and Brueckner have also investigated the elastic scattering 
of electrons by atomic nitrogen. With a polarizability « = 7.084¢?a9 
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(which is slightly less than the value 7.6e?a§ measured by Alpher and 
White, 1959), they obtained a scattering length a = 1.857a, and an 
effective range 7, = 0.845 for the triplet scattering case. 


4.6 Atomic Ions 


In the case of the elastic scattering of electrons by positive ions with 
net charge Z, it can be shown (Massey, 1956) that the asymptotic form 
of the radial wave function ¢,(r) is given by 


g(r) ~ sin (kr + 4 log 2kr — } ln + 0, + m) (162) 


where 
o, = arg (1 +1 —iZ/k), (163) 


n, being the phase shift and k the wave number. 

Consider two incident electrons with wave numbers k and k’ and zero 
order phase shifts n, and 7, respectively. Then it has been shown by 
Bethe (1949), using a similar procedure to that employed in deriving (47), 
that to the second order in k and R’ 


bob cotm 1 yk _ lps pe 
1 — exp (— onZ/h) T—exp(—2nZ)h)* (log = +0) = 2(k? — Ap 
(164) 
where 
7a 1 1 ze i 1 
“BLS Fae BUS FEAR (165) 


and p is the effective range. 

The continuum state with wave number k’ can be converted to a 
bound state with eigenenergy — Z?/n’? by putting cot 7 =i and 
k' =iZ/n' where n’ is the effective principle quantum number of 
the state. 

On defining the quantum defect 5() by the equation 


n' =n — &n) (166) 
Where n is the principle quantum number, we obtain 


cot No 


T — exp (— 2nZ/h) = cot 78(n) (167) 


for small k and large n. 
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It follows (Seaton, 1955) that 
no(k = 0) = 78(n = ~). (168) 


By considering the Iss and Isns3S series of He, Seaton (1957b) 
has shown that the phase shifts for the elastic scattering of electrons 
by Het ions are given by 


ng(k) = 0.437 — 0.109%? 
ng(k) = 0.932 — 0.126R? (169) 


where the ‘‘+”’ and ‘“‘—” refer to the symmetric and antisymmetric 
space wave function cases, respectively. These values are in satisfactory 
agreement with the phase shifts calculated by Bransden and Dalgarno 
(1953) using Hulthén’s variational method, who obtained the values 
no = 0.419 and no = 0.959 for k? = 0.241 using the exchange appro- 


ximation. 


5 Scattering by Molecules 


5.1 HyDROGEN 


The scattering of slow electrons by hydrogen molecules is similar 
to the scattering of slow electrons by helium atoms since in both cases 
the target system consists of two electrons bound in a singlet spin state. 
It follows that in the molecular case we may expand the wave function 
of the total system in the symmetrized form (157) where now gz is the 
ground 1%’ state wave function of the hydrogen molecule. 

For the investigation of the scattering of electrons by homonuclear 
diatomic molecules, it is convenient to employ spheroidal coordinates 
A, w, & where 


wee) _7A 7B (170) 


r d ’ fad d ’ 





r, and rg being the distances of the incident electron from the nuclei 
A and B, respectively, and d being the distance between the nulcei. 

A plane wave exp ikny - r representing an electron moving with linear 
momentum #k in the direction of the unit vector mg with polar angles 
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9, $o relative to the internuclear axis AB can be expanded in the form 


(Morse, 1935, Stratton et al., 1956) 


exp thing? £ =D) D) nr Sni(C, COS 8) Srni(, #) Rmil(e, A) cos m($ — $9) (171) 
m L 


where c = $kd, mand J are zero or positive integers, and the functions 
S,,, are spheroidal harmonics satisfying the equation 


d d S 
a =i) qi om oP 1m a nee aot Sm = 0. (172) 


If 6 is the angle between the internuclear axis AB and the line joining 
the midpoint of AB to the incident electron, then 


Smi(C) #) > Pmi(cos 4) as d—0. 
The asymptotic behavior of R,,; for large 4 is given by 
1. 
Rini(c, A) ~ a sin {cA — $(m + Dr}. (173) 


If exchange is neglected and if the static potential due to the molecule 
is chosen to have the form 


V(r) = _ a O. ‘ (174) 





the wave function F,(r) of the incident electron may be expanded in 
the form 


For) = YD) amr exp (inf) Smi(C, C08 8) Smiles 4) Tini(ey A) cos m(p — $o) 
mi tl 
(175) 
where T,,,, satisfies the equation 


d d 2 a 
a Jae -NS Til os 1m + 2? — "oT _ SFM} Tm = 0 (176) 


and has the asymptotic form for large A 


Tule 4) ~~ sin {cA — $(m + Da + a}. (177) 
Then 


’ 2. 
Fi(r) ~ exp tkng+ r + ZA e°4 (un, $3 9; bo) (178) 
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for large A, where 


Fair $58 bo) = ip Sy Dy Al A)" fox (Rin) — 1 


X Smile, COS A) Smile, 4) cos m(d — do). (179) 


On averaging over all orientations of the molecular axis and inte- 
grating the resulting mean differential cross section over all elements of 
solid angle into which the incident electron is deflected, it is found that 
the total elastic cross section is given by (Stier, 1932; Fisk, 1936) 


Qo = XD gm (180) 


where 


4 ae 
Gmi = 7g (2 — Bom) sin? 77. (181) 


As k-> 0 all the partial cross sections g,,; vanish except for goo. 

Massey and Ridley (1956) have calculated the phase shift 7} for the 
scattering of slow electrons by hydrogen molecules both with and 
without exchange included. They employed Hulthén’s and Kohn’s 
variational methods with the trial function 


1 
ea 





F(A, w, 6) = (1 + a)? [sin c(A — 1) + {a +6 ena} 
x {1 — e4-D} cos e(A — 1)]. (182) 


This trial function is independent of u which is a satisfactory approxima- 
tion at low incident electron energies since Soo(c, uw) ~ 1 for ¢ <1. 
As A> we see that 


Fy ~s sin (cA + 7) (183) 


where 
nf = tan-la —c. (184) 


For the ground state wave function of the hydrogen molecule, Massey 
and Ridley (1956) used the form derived by Coulson (1938) 


Yolo, 3) = $(r2) P(rs) (185) 
$(r) = Ne-v* (1 + op? + Ba) (186) 
with « = 0.2195, B = 0.07957, y = 0.75, and N = 0.693. 


where 
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The values of the phase shift 79 and the cross section qo) calculated 
by Massey and Ridley (1956) are given in Table VIII. 


TABLE VIII 


ELASTIC SCATTERING OF ELECTRONS BY HyDROGEN MOLECULES IN THE GROUND STATE* 














Static field approximation Exchange approximation 
Wave number Phase shift Cross section Phase shift Cross section 
k m0 Joo no Joo 
(in az+) (in radians) (in 7a%) (in radians) (in 7a?) 

0.143 2.103 145 2.941 7.77 
0.286 1.778 46.8 —_ —_ 

0.429 1.514 21.7 2.352 10.96 

0.714 1.228 6.96 1.830 7.33 

1.429 0.748 0.906 1.056 1.48 


* Zero order phase shift and cross section calculated by Hulthén’s variational method. 


By expanding the nuclear potential of the hydrogen molecule in 
spherical harmonics retaining only the spherically symmetric term, 
Carter et al. (1958) reduced the determination of the ground state 
hydrogen molecular wave function to a self-consistent field problem 
for two electrons moving under the action of a uniform surface distribu- 
tion of charge on a sphere of radius d/2. The phase shifts and partial 
cross sections for the elastic scattering of electrons by the hydrogen 
molecule calculated by Carter et al. (1958) employing their molecular 
wave function together with (a) the static field approximation and 
(b) approximate allowance for exchange, are given in Table IX. 
Their zero order phase shifts are in good agreement with those obtained 
by Massey and Ridley (1956).t Both calculations show that the effect 
of exchange substantially decreases the total elastic cross section at low 
energies, a feature which also occurred in the case of the elastic scattering 
of electrons by helium atoms (cf. § 4.1). In fact, the phase shifts displayed 
in Table VII for helium are in fair accord with the zero order phase 
shifts obtained by Massey and Ridley (1956) and by Carter et al. 
(1958) for the hydrogen molecule. This is to be expected, owing to the 
Similarity between the helium atom and the hydrogen molecule in their 
Tespective ground states. 


* This is because orientation-dependent terms have little effect on the total elastic 
‘Toss section for low energy electrons (cf. Arthurs and Dalgarno, 1960). 
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A comparison between the calculated total elastic cross sections and 
those obtained in the laboratory is made in Fig. 8. It can be seen that 
when allowance is made for exchange, the agreement between theory 
and experiment is fairly satisfactory. 


40 


w 
oO 


tn 
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Fic. 8. Zero order partial cross sections for the elastic scattering of electrons by 
hydrogen molecules. Curves Ia and Ib represent cross sections calculated by Massey 
and Ridley (1956) using the static field approximation and the exchange approximation, 
respectively. Curves II and III represent the experimental data obtained using the 
Ramsauer method and the electron swarm diffusion method, respectively. 


5.2. CompLex MOLECULES 


The early work on the elastic scattering of electrons by molecules 
has been described by Massey and Burhop (1952) and need not be 
given here 

There has been no recent theoretical investigation of the scattering 
of electrons by molecules other than hydrogen. The only recent experi- 
mental work has been confined to the case of the N, molecule. By using 
Microwave techniques (cf. § 2.3) Phelps et al. (1951) obtained 15 cm?/cm? 
(0°C 1 mm Hg) for the probability coefficient of collision Pe for electrons 
With a mean energy of 0.04 ev while Anderson and Goldstein (1956) 


332 B. L. MOISEIWITSCH 


obtained 60 cm?/cm? for electrons with a mean energy of 0.04 ev falling 
to 28 cm?/cm$ at 0.46 ev. Drift velocity measurements have been carried 
out by Chrompton and Sutton (1952) using the Townsend method 
(cf. § 2.4). At 0.04 ev their value of Pe is in accord with that obtained by 
Phelps et al. (1951), while at higher electron energies their results 
are in fair agreement with the early investigations of Briiche (1927), 
Ramsauer and Kollath (1930), and Normand (1930). 
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1 Introduction 


In what follows we shall be concerned with an effective method, intro- 
duced by Townsend, for investigating the motions of slow electrons in 
gases, and some physical quantities associated with collisions between 
electrons and gas molecules. 

In this method a stream of electrons, having entered a diffusion 
chamber through an aperture (usually small) in its cathode, proceeds 
through the gas (usually at pressure p of a few millimeters of mercury) 
to the anode in a uniform electric field E. The mean speed of drift W 
of the electrons in the electric field E is much less than the average 
value of their speeds of random motion c. 

As the stream proceeds to the anode, it also spreads by diffusion, with 
a coefficient of diffusion D, so that the current received by the anode 
is distributed broadly, in general, over its surface. By dividing the anode 
symmetrically (a central disk and one or more concentric annuli, or 
a central strip, flanked by parallel strips) into insulated sections, the 
ratio of the currents to any two sections can be measured and from this 
ratio the ratio W/D for the stream car be deduced. 

It was proved by Townsend (1899) that for ions whose masses m are 
of the same order of magnitude as the masses M of molecules of a gas, 


W|D = Ee|kT = ENye/RT (1) 


in which Ny is Loschmidt’s number, e is the ionic charge, « is Boltz- 
mann’s constant, R is the gas constant, and T is the absolute temperature 
of the ions. 

Townsend (1899, 1900) used this formula to show, from the experi- 
mental values of W/D, that Noe was the same for gaseous ions as for 
monovalent ions in electrolytes; at that time this was an important step 
in establishing the atomic nature of electricity. 

In 1908 Townsend investigated the quantity W/D in streams of 
diffusing electrons (for which m < M) and found that abnormally small 
values of Noe were obtained in dry gases. Since Noe is constant, it follows 
that when electrons drift through a gas in a steady state of motion in 4 
uniform electric field E their effective temperature T, exceeds the tem- 
perature T of the gas molecules that appears in (1). The mean energy 
of agitation of an electron may therefore be written 


gm =k: $e«T=k-4MC2 (k>1) 
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so that for electrons (1) becomes 


W ENe 3 Ee 

3 eee oe (2) 
D  kRT-~— 2(§ mc?) 

If E is expressed in volts cm~ and other quantities in cgs units, then on 

substituting the known value of Noe, and adopting a standard temperature 

T = 288°K = 15°C, (2) becomes 


W/D = 40 - 3 (Eh) (3) 





so that from measurements of W/D in a given field E, in a gas at a 
fixed pressure p, k may be deduced. 

If in addition to the measurement of W/D, at some combination of 
values of E and p, the drift speed W is separately determined, then D 
can be found. As will appear in the sequel, (2) and (3) require correction. 

The theory of the motions of ions and electrons in gases, confirmed 
by innumerable measurements, shows that (at a standard temperature 7) 
the fundamental experimental parameter is not E or p individually, but 
their ratio E/p. For instance, the following quantities are functions of 
(E/p) only: W, pD, k, and W/pD, that is to say, the same values of these 
quantities are found with an electric field E and a pressure p as are 
found at fields rE with pressures rp. Experimental data are therefore 
conveniently represented, after correction to the standard temperature 
of 15°C, in the form of tables or curves in terms of the universal para- 
meter E/p. Any one quantity may be expressed in terms of any other 
through their common dependence on E/p. Moreover, the dependence 
of a quantity, such as W, upon E/p provides a convenient means for 
checking the inner consistency of measurements made at different 
combinations of rE with rp. 

An important quantity is (c?)!/2 which is related to k as follows. From 


$me®=k-3xT  (T =288°K) 
= 1/2 
(c?)/? = See | = 1.15 x 107 k1/? cm sec}. (4) 
m 


The coefficient of diffusion D and speed of drift W of electrons in 
gases are given by the following theoretical formulae (e.g., Huxley 
1957, 1960a, b): 





p= 40-4) : 
v-adw-s(hjaFe) 
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in which / = ((c) is an equivalent mean free path of an electron with 
speed c, and A = A(c) is the equivalent collision cross section of a 
molecule in a collision with an electron with speed c. The averages are 
taken with respect to the distribution of the speeds c. From these for- 
mulae the dependence of A(c) upon c may be inferred from the experi- 
mental results. 

We proceed, next, to a summary of the theory of the motions of 
ions and electrons in gases. In what follows the term ion is taken to 
include electrons, but in the case of electrons it may be assumed 
that m is always much less than M. 


2 Theory of Motion of Ions and Electrons in Gases 


It is assumed that the number 7 of ions in unit volume is much 
smaller than the number N of gas molecules in unit volume so that 
the mutual interactions of the ions are unimportant. 


2.1 Ranpom MorTIon aNnp Megan MotTIon 
oF A GROUP oF IONS 


In the absence of an electric field, the centroid of a group of ions in a 
gas is at rest and the directions of the agitational velocities of the ions 
are distributed isotropically, that is to say, in velocity space their repre- 
sentative points are distributed with spherical symmetry about the origin. 
Let the group comprise mp ions and let the number of velocity points 
residing within an element dudvdw at the vector point c(u, v, w) in 
velocity space be mf (c) dudvdw so that nyf(c) is the density of points 
in velocity space. In this case, where E = 0, the distribution function 
f(c) is given by Maxwell’s formula 


1 
a8 x8 


and the number of points in a spherical shell with radius c and thickness 
dc with its center at the origin is 





f() =< en (--4) (7) 


2 
Nof (c) - 4rc*dc = ny 7 2 — exp (- =) - cde. (8) 


io Tr 





Moreover, $ mc? = 4 MC? (equipartition of energy). 
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In the presence of an electric field E the motion is modified in impor- 
tant respects: 

(a) mc? = k- 4 MC?; k>1. 

(b) The centroid of the group drifts through the gas with a velocity 
W(W <) parallel to E on which is superimposed a random agitational 
motion whose distribution function f(c) no longer conforms to (7). 

It will be supposed that the distribution of points in velocity space is 
as follows. When E = 0, the density of points my f(c) is the same through- 
out a thin spherical shell with radius c with its center at the origin. In 
the modified distribution of points when E + 0, it will be supposed that 
the density of points is uniform within a thin displaced shell with radius 
c, whose center is not the origin but the end of a vector V parallel to E 
such that V = V(c). The resultant velocity c = c, + V. Without loss of 
generality it may be assumed that E is directed along Ox so that V is 
along the w-axis in velocity space. Let the density of points in this shell 
be mpf(c,) so that the number of velocity points within an element dr of 
velocity space at the end of the vector c, is mp f(c,)dr. But the element dr 
is also at the end of the vector c from the origin with respect to which 
the distribution function is of the form F(c, u). But, 


c? = c? + V? — 2cV cos 8, 
where cos 6 = u/c. Let V/c < 1, then 


C, & e(1 — cos 6) = 0-7. 


It follows that 
Flow) = f(a) =f (e-*2) wn — “EE. (9) 


Thus, the density of points in a thin spherical shell with radius c and 
center at the origin is not constant but of the form of a constant term 
modulated by a term proportional to cos @ = u/c. The total number of 
Points within such a shell of thickness dc is 47m c?f(c)dc, but the mean 
value of their u-component is obtained from 


-. Ff (c) is c cV df 7 
Y, =o fen Sees 2 ae a 
if (c) c 5 ia cos @ sin 6 d@ 7 de er @sin 6 d6 = x of . (10) 


The mean speed of the whole group, which is the drift speed W, is 


W=-F[ vo fea =F [pel + [eZ ev) fea] 
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or 
W = 4c? —(8V) (11) 


since — fVc3 vanishes at both limits. Thus, in order to calculate W by 
this method it is necessary first to find the velocity V in terms of E, c, 
and the equivalent collision cross section. 


2.2 SPECIFICATION OF AN ENCOUNTER 


Consider two interacting particles with a relative speed g. If their 
masses are m and M, their speeds relative to their centroid X are, 
respectively, r= [M/(M+m)]g and R= [m/(M-+ m)]g. In con- 
sequence of the interaction at close approach, the velocities r and R 
become r’ and R’ after the encounter, the angle between r and r’ 
being 6 (Fig. 1). The angle of deflection 6 is a function 6(b) of the impact 





Fic. 1. Interaction between a particle of mass m and velocity r and a particle of 
mass M and velocity R. 


parameter 6 which is the perpendicular distance between the extension 
of their trajectories in the center of mass system before the encounter. 
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Suppose that 6(b) = 0 when b > oa, then the mean value of cos 6(b) is 


—— 2 


cos 6 = — 
o2 


f ” cos 0(b)b db. (12) 
0 


Alternatively, if the proportion of particles m scattered within the 
elementary solid angle 27 sin 0d6 is 4¢(6) sin 8d@ such that 


3 f $6) sin 6 d0 = 1, 
0 
then 
cos = 4 (8) cos @sin 8 8. 
0 


If ¢(8) = 1, then cos 6 = 0 and the scattering is termed isotropic. If g 
is the mean speed, relative to the molecules, of an ion with speed c, 
the mean time between encounters is J/g and the mean free path is 
1 = I(c) = (e/g) lo, where ly = 1/Nzro?. 


3 Diffusion and Drift 


3.1 Drirt: DERIVATION OF FORMULAE FOR V anp W 


Figure 2 is the vector diagram of an encounter between an ion with 


_> —> 
velocity c(OP) and a molecule with velocity C(OQ), their masses being 
mand M as before. 


P 





Fic. 2. Vector diagram of an encounter between an ion of mass m and velocity c 
and a molecule of mass M and velocity C. 
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re 
The velocity of the centroid is G(OX) and r and R are the velocities of 
mand M relative to the centroid before the encounter. Thus, r + R = 


=}. 
g = QP; 7r = [M/(M + m)] g. In the encounter r and R are deflected 
through the angle @ to become r’ and R’ with r’ = r and R’ = R, and 
the velocities of m and M become c’and C’. The vectors r’ are distributed 
with axial symmetry about the direction of r so that the mean value of r’ 
in a large number of encounters in which c and C are specified is 











rcos § = ar, where a = cos @ and cos @ is defined in (12). 

Thus, the mean velocity of ions after encounters of this type is 
G+ ar. Draw XS parallel to QO to meet OP in S. Then OS = 
[m/(M + m)]- OP and S is a fixed point. Consequently, as C is allowed 
to assume all directions, X moves over the surface of a sphere with S as 
center. The mean value of 


G+ or =G + o[SP — SX] is OS + «SP = [(m + aM)/(m + M)]c. 


The mean momentum residing in the ions after encounters when they 
possess momentum mc before an encounter is [(m + aM)/(M + m)] mc. 
and the u-component of this is [(m-+ aM)/(M-+ m)] mu, where 
c =c(u, v, w). 

The mean value of the residual momentum for all directions of c is, 


from (9), 
ne + ae meV df 


M+m! 3 dc’ 


The mean momentum before the encounters is 


__ meV df 
3 dc’ 





Consequently, the mean momentum imparted to the molecules of the 
gas in encounters is 





poe ee Mm 1 og 
M+m} 3 adc Gea lg “et 


The total momentum imparted to the gas in unit time is 


4an p(l—2a) df 
~ orem | a 7 


=F are) |, ae OG) ede 
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where l' = /,/(1 — a). In a steady state of motion this momentum is 
equal to the total momentum given to the group in unit time by the 
field, namely, m)Ze, whence, 





4r Mm ? d (a 


see a as —2 2 a 
rise), al oP ) ferde = Ee. (13) 


Since 4x J” fe*de = 1, (13) is satisfied by 





Eel’ ; 1 1 Eel 
ir et a) ae 
where 
pa lM + mjc _ WM + m) c (14) 


Mg ~ M(l — a) g° 


When m<M and « =0, /=/, and the velocities c’ are scattered 
isotropically. Thus / is an equivalent mean free path in a model gas in 
which the ions are scattered isotropically in encounters and V is the 
same as in the actual gas. It follows from (11) and (14) that the drift 
speed is 
_ Fe 24 ye 

w= ae qe) « (15) 
In the case of electrons (m < M) for which g — c, according to (14) / in 
(15) becomes 


b= fit =o), 


The equivalent collision cross section that corresponds to / as defined 


in (14) is 


1 — gM(1 —«)ro? | eM 7 
Nl c(M+m) ~~ c(M-+™m) 





A= Alc) = 2m {" [1 — cos 6(6)]b ab (16) 


which, for electrons, becomes 
A(e) = 2n "TL — cos 6(6)]b db. 
0 


When electrons or ions interact with molecules as point centers of 
Tepulsive force according to a law P = k/r’, then, if v > 2, the integral 
Qn C [1 — cos 0(b)]b db is convergent and serves to define a cross 
Section A(c) through (16) such that A(c) oc“), (Chapman and 
Cowling, 1952, p. 171); for instance, when v = 5, A(c) cc}. 
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3.2. DIFFUSION 


The random motion of the ions operates to diminish inequalities in 
the concentration m (number of particles per unit volume) and to 
disperse a group of ions throughout the gas. At a point on an elementary 
geometrical surface dS where grad 7 is not zero, there is a net flux of 
ions across dS which is a function of the components of grad z and is 
proportional to dS. When (grad )/n is small, the flux in unit time (when 
no magnetic field is present) is —D (grad n)-dS. The coefficient of 
proportionality D is the coefficient of diffusion of the ions. The net 
number of ions that pass across dS in time dt, being the difference 
between those that cross in opposite senses, is therefore —D(gradz)- dSdt. 
It is convenient to introduce an equivalent convective velocity w 
that would cause the same number of ions to cross dS if grad m were 
zero, or diffusion were inhibited; thus, 


nw : dSdt = — D (grad n) - dSdt. 


3.3. FORMULA FOR COEFFICIENT OF DIFFUSION D 


Let the direction of grad m be + Ox, then 


Let n, = 4rnf(c)c?dc be the number of ions in unit volume whose speeds 
lie in value between c and c + dc and write 


_ Dee) dn 
n, dx ~ 


¢ 


Consider a volume bounded by planes of unit area, normal to Ox, and 
at a separation dx. The mean u-component of the ions n,dx is w,. 

It was shown in § 2.2 that the mean residual momentum in the direc- 
tion Ox carried by an ion after a collision is [(m-+ «M)/(M + m)] mu, 
so that the mean momentum lost by an ion in an encounter is 


m+ a _mM(1— 2) , 
mt+Mi-— (m+M) ~ 
Consequently, the mean momentum lost in time dt by the ions n,dx 
within the specified volume is 
mM(1 — «)g 
(m + M)ly 


mu [1 - 


n,w,dtdx. 
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This loss of momentum to the volume is restored by the total net 


momentum in the direction + Ox transported to the volume by the 
ions that cross its faces in time dt. That is, 


so that on equating these expressions it follows that 


D(c) = — ae =1k (17) 
where, as in (14) 
1(M +m) | Cc 
MI —a) g° 


For electrons, / = J)/(1 — a). The diffusion coefficient for the whole 
group of ions is the mean value of D(c) taken with respect to the distribu- 
tion of speeds c, namely, 

am le 
as LA ae ts Fe 
De 4 (0) = 35 (5) - (18) 


This formula can also be derived by use of the method of free paths (§ 1). 


3.4 DIFFUSION IN A MAGNETIC FIELD 


Let the ions diffuse in a uniform and constant magnetic field parallel 
to + Oy, and let | grad | = dn/dx. The Lorentz force on the ion is 
F = ew, X B; consequently, w, is not parallel to — grad m. The equa- 
tions describing the balance of momentum are: 





nN, [- ost + 1-.eB| =0 





i (19) 
ease _ ihe. 
7 N,W,,eB a 
whence, with w = — eB/m, 
Ic dn, _ dn, 
tee — a aap) de ae 
The coefficient of diffusion in the direction + Ox, therefore, is 
Ic I 
_1 ‘ os 
De=4(pam)) TH=7- (20) 
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Also, 


m0, = — oT - nw, = oTD XO) &. (21) 


The more general case in which grad n is arbitrarily directed, and B 
is directed along + Oy, is described in matrix notation as follows: 


Wy Dz 0 wTDx(c) an 
—n w,| = |0 D O 5 : (22) 
W, —wTD;(c) o Dz _ 


3.5  DriFT IN AN ALTERNATING ELECTRIC FIELD WITH A 
CoNnsTANT MAGNETIC FIELD 


It will suffice to state a general formula without proof. Let the electric 
field vector rotate in the XOY plane with a phase such that at time 
t = 0 it is directed along + Ox whereas B is directed along + Oz. 
The electric field is therefore designated by E = E, exp ipt. It may be 
established, by an extension of the methods used previously, or by free 
path methods that the formulae for the speed V and the drift speed W 
(§ 3.1) are (Huxley, 1960a, b) 


Ve Eve: exp ipt 
mv — (wv — p)] 
Eye exp ipt d 3 
a a (23) 
where 
c M(1 — a) Be 
"=T> M+ ms oe 


This general formula contains some special cases of interest. 


Case 1: p =0; w = 0. Formulae (23) reduce to (14) and (15), res- 
pectively. 


Case 2: Magnetic deflection of a stream of ions. 
Put p= 0 and write W= W, + iW, = W, exp 70. 
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Then, 
Wee ae 
mia paw t(s tale pa) 


where @ is the angle of deflection of the stream. 

In laboratory experiments where the pressure of the gas is of the 
order of 1 mm Hg and the field B a few tens of gauss, v? < w?. In that 
event, 


Ee d 
W, = c? x () =W 


3m 
Ee d 
van we? ae (lc) 
W=C $ tan 8 (25) 


where 
3C = } [e* £ (ic?)| / [- £ (?%e)| F 


a dimensionless quantity. It is possible to measure tan 6 and thus 
determine W if C can be calculated (Hall, 1955a). 


Case 3: High frequency conductivity of a weakly ionized gas. 

This case is discussed by Huxley (1959) where it is pointed out that 
the usual Appleton-Hartree magneto-ionic formulae are inexact. In 
effect these formulae assume that the formula for W is that which 
gives V in (23). When v = 0 it can be seen that W— V and there is no 
error, 


4 Equation of Continuity 


_In the present notation the equation of continuity for the concentra- 
tion 2 is 
dn On 


a = 3 — div n(w + W). 
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In the special case in which B is directed along + Oy and E is constant 
uniform, and directed along + Oz, it can be deduced from § 3 that 


sar) + Dee (26) 





ne ee = Be of 4. Dp (Se 


dt OE a F 


Ox? 02? 


Thus, cross diffusion represented by the coefficient wID,(c) in (22) 
plays no part in the dispersion of ions by diffusion or drift. 

When 0n/ét = 0, as in a steady stream of ions free from the processes 
of electron attachment or ionization by collision and with B= 0, 


W = W,, Dz = D, 
on 
V2n = 2A 2a (27) 


where 2\ = W/D. If the substitution n = e”V is made, (27) reduces to 
V2V = #V 
of which a useful solution corresponding to a pole source at the origin is 
V = const - e~"/r, 


The distribution due to a pole source at the origin emitting ions at 
the rate S in unit time is 


S 
n= 7p oP — A(r — 2) (28) 


where r? = x? + y? + 2%. If an image source is placed at the point 
(O, O, 2h) and such that the distribution due to it is 


, 


n' = — 





S ; 
SnD &*P A(r’ — 2) 


where 
7/2 = x2 + v2 + (z — 2h), 


the combined distribution 


= Ar _ exp = * 


n= aap (ex dz) (29) 
is such that m = 0 over the plane z = h wherer’ = r. 

This distribution was shown (Huxley and Crompton, 1955) to cor- 
respond accurately to the distribution in a stream of electrons which 
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enters the cathode of a diffusion chamber through a small hole and 
proceeds through the gas under the action of a uniform field E to a 
plane-parallel anode over which 2 = 0. 


5 Mean Loss of Energy in Elastic Encounters 


The velocities in Fig. 2 are related as follows: 
c=G+r;, ce =G+r'’ 


whence, 
e=G4+r4tI2G-r; c2=Gi+r247G-r’ 


and, 
e—c?®=G- (r—r’) +r —7r% 


We consider elastic collisions to be those in which 7’ = 7, in which event 
c —c? =2G:(r—r’). 


Let r be allowed to assume all permissible directions, then its mean 
value (§ 3.1) is ar, and the mean value of c? — c’? = 2(1 — «) G- r. But 





(me +MCy M 
Gr-Fw apae-o 
and it will be found, after reduction, that 
er eae — a) [met — MC? + (M — m)c-C]. 


The term c - C vanishes in the mean since the velocities C are distributed 

isotropically. Consequently, the mean loss of energy in elastic collisions, 

when c is specified, is 

_ 2Mm(1 — a) 
(m + MP 


4 mc? — 4 me’? [4 mc? — 4 MC]. (30) 





6 The Distribution Function f(c) 


When the electric field E is zero, the distribution function f(c) is that 
of Maxwell as given in (7), in which 
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so that 
Mee — — 3mef. (31) 


Consider another extreme case where E£ is not zero, but the molecules 
are at rest. The rate at which the group of ions 2, = m4mf(c)c?dc transfers 
energy to the molecules through elastic encounters is, from (30), 


 S Mm 1 
ly (m+ my‘ 





Ne a)mc? = 4 


3 m? ‘ i 


and the rate at which this is restored by the field is, from (9), 


2 
— 4nEe us V af cde = a EeVc af cdc 
c dc 3 dc 





whence 
df _ mc? 
eg aay 
or, using (14), 
(M+ myveL = — 3mef. (32) 


Thus, the full equation, of which (31) and (32) are special cases, may 
be inferred to be 


[(M + mv + MeL = — 3mef (33) 


whence 
cdc 


ees eee (34) 
[(M + m)V2 + MC? 


Ff (c) = const - exp }— 3m f° 


More complete and rigorous discussions will be found in Chapman and 
Cowling (1952), Loeb (1955), Ginzburg and Gurevié (1959), and 
Huxley (1960b). 

In the case of electrons (m << M), f(c) assumes the limiting form 





3m f° cdc -| 


ae a 35 
MS (va+-C4) os 


f (c) = const - exp = 


and when V?> C2, as is usually the case, 





f (e) = const exp |— 7 [aaa - (36) 
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If U(c) is of the form [(c) o c", (36) with 4a Se F(c)e?de = 1 is of the 
general type 


Auf (iodo = ann exp (—£L) de (37) 


where » = 4 — 2r. If use is made of the standard integral 





[exe (—y*wndy -ir(t@ = Pl 


it can be seen that the mean value of c® is 
i+ 3)/73/n) (38) 


n 
The form of f(c) in a high-frequency field is obtained by using the follow- 
ing expression for V: 
_ (eEy\? 1 1 
i Ge) Fences) grea Tail ° 


When some encounters are inelastic and with c > ¢,, V is replaced by 
aV, where a = 1 whence <c, anda <1 whene > Gq. 


c= ot ( 





7 The Ratio W/D 


Attention was drawn to this important experimental quantity in § 1. 
From (15) and (18) it follows that 


a= [eS cee [tia (39) 


and when the distribution function is that of Maxwell it can be seen, 
using integration by parts, that the factor 





a eas 
2 (7,2) — 2 
as: (Ic?) = 3(Ic)/c. 
Consequently, in this case, 
a = 8 Ee/(4 mc?) = Ee/knT 
= ENg/RRT = 40-3E/k (Ein volt cm-1; T = 288°K) (40) 


as was stated in § 1 [Eqs. (2) and (3)]. Formula (40) is also correct when 
the equivalent cross section A(c) = 1/NI/ is inversely proportional to c 
(inverse fifth-power repulsion) as may be easily demonstrated from (39). 
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In general, however, (40) is inexact since (39) is equivalent to 


W Ee 
D Fan FAP 


EN _ 40:3E 
RRT hy 








where F is the dimensionless factor, 


= d 
2. —2 7 2 
c E ae ) 3k 
= — and k=—. 
2(Ic) 2F 








(41) 


The value of F depends upon the distribution function f(c). If, for in- 
stance, in (37) m has the values n = 2, 4, and 6, then the corresponding 
values of F are, respectively, $ [Maxwell’s distribution, cf. (40)], 
1 - 312 (Druyvesteyn’s distribution), and 1. The experimental quantity 
is therefore k,, from which the true energy factor k can be deduced if F 
is known. 


8 Measurement of Mean Energy Lost in an Encounter 


In order to estimate the mean loss of energy in an encounter from 
measurements of the speed of drift W, it is necessary to know the 
distribution function f(c) and the manner in which the equivalent mean 
free path U(c) depends upon c. 

With electrons the equivalent free path / is, according to (14), Jo/(1 — «) 
and if it is assumed that the scattering is isotropic (a = Q), then / = h. 

With this assumption the collision frequency is 


4m { ; < ferde = (fl). 


Let O = } mc? be the mean kinetic energy of the electrons and 4Q the 
mean energy lost in an encounter. The mean energy transferred to the 
gas by an electron in unit time is, therefore, (c/l) AQ. 

This energy, in a steady state of motion, is equal to the energy received 
in unit time in drifting in the electric field E. If follows that 


(£) =zew = 2 


4Q ns 
d 
co. (Ic?) 


Ld 
l 
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whence 


a _lyje)\...4 “kaa 
4Q=}$mWK and 1K =Z[(F)-e* Fle], (42) 
a dimensionless quantity. The fraction of the mean energy lost on the 
average in an encounter is 
2 2 
40 8 8765 x 19 AE. (43) 
OQ a k 
If, for example, Joc, then K = 2; if ] = constant, K = 3/(é -¢) 
so that if m = 4 and 2 in (38), K = 2 - 54 and 37/4 = 2.37; if lac", 
K = 6/(c~? : c*) and with n = 6, K = 3. 
The mean rate w at which energy is lost by an electron in collisions 
may be written 


w/p = e(E/p)W = $(E/p) (44) 


where p is the pressure, since W is a function of E/p. 


9 Experimental Procedure 


The two macroscopic quantities that are measured (§ 1) are W/D and W 
from which D can also be derived. From measurements of W and pD as 
functions of the parameter E/p (§ 1), it is possible to derive k, (§ 7), 
€, 4Q/Q (§ 8), and A(c) [(5) and (6)] all as functions of E/p. By elimina- 
ting E/p between two quantities, the one can be represented as a function 
of the other as, for instance, A as a function of Zé. 


9.1 MeEasuREMENT OF W/D 


This quantity is derived from measurements of the divergence of a 
Stream of electrons moving in a steady state of motion in a uniform elec- 
tric field E. The form of apparatus that has been used in modern 
Mvestigations (Fig. 3a) comprises a diffusion chamber bounded by a 
Plane gold-plated cathode with a small central hole about 1 mm in dia- 
meter whose center is taken as the origin of coordinates, the cathode 
being the XOY plane. The other end of the diffusion chamber, the 
anode (also gold plated), is the plane z = A and the anode is subdivided 
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into insulated sections (Fig. 3b). In the more usual form of subdivision, 
there is a central disk and one or more annular sections all with the 
common center, the point (0, 0, A). In an alternative method of division 
there is a central parallel-sided strip flanked symmetrically by similar 








<b) 


Fic. 3. Schematic diagram of a typical diffusion apparatus showing alternative 
modes of division of the anode. 


strips, with the point (0, 0, 2) as the center of symmetry of the system. 
The stream of electrons is derived from a small filament above the hole 
in the cathode towards which the electrons are impelled by the same 
uniform field E as prevails in the diffusion chamber. Thus, the hole in 
the cathode acts as a point source of electrons and it is found that the 
distribution of the concentration in the stream in the diffusion cham- 
ber is accurately represented by (29). The divergence of the stream is 
measured by the ratio R = 1,/(, + 2) where 7, and 7, are the steady 
currents to two insulated sections of the anode. In the annular mode of 
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division the currents most commonly measured are 7,, the current to the 
central disk, and 7z,, the current to the remainder of the anode. The 
formula for the ratio is, in that instance, 


R=1—“exp— a (4—1) (45) 
in which A is the length of the diffusion chamber, d the distance from 
the origin (hole) to midway across the narrow gap separating the central 
disk and the surrounding annulus, and 2A = W/D. 

Since (41), W/D = (40 - 3/k,)E (at 15°C with E in volt cm7), it 
follows that (45) can be represented by a family of curves, each member 
of which displays R as a function of Ah or Eh/k, for a given value of 
h/d. Thus, in an apparatus in which h can be altered, a family of curves 
can be prepared for each value of h. k, can thus be obtained directly 
from the measured value of R. 

Similar curves can be prepared for other modes of division of the 
anode. The current (2, + 7,) is kept small, less than 10-11 amp, in order 
to avoid a spurious spreading of the stream from the field of space 
charge. 

There is good agreement between the measurements of k, as a function 
of E/p at different pressures, with different values of h and different 
modes of division of the anode. 


9.2 MEASUREMENT OF W 


9.2.1 Direct Method by Use of Electrical Shutters 


This method was first used to measure the drift velocities of ions but 
was modified by Bradbury and Nielsen (1936) to measure the drift 
velocities of electrons in a number of gases. Electrons released either 
from a hot filamant or by ultraviolet light from a metal surface move in a 
uniform electric field E to an electrode G, (Fig. 4a) with an aperture 
across which is stretched a grid of closely spaced and parallel wires. 
Alternate wires of the grid are connected, the whole forming an inter- 
leaved system of two insulated conductors (Fig. 4b). The application 
of a potential difference of a few volts between the two sets of wires 
Creates a transverse electrical field across which the electrons cannot pass. 
If the field is alternating, the electrons are admitted to the drift chamber, 
in which the same field E is maintained, only during a short interval 
about the times when the alternating fields across the grid are zero. 
Groups of electrons thus enter the drift chamber every half-cycle of 
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the alternating field. Each group traverses the length / of the drift 
chamber in time ¢ = //W in a uniform field E. The other electrode G, 
also has a central aperture and a grid system to which is applied the 
same alternating voltage. If the time ¢ = //W is equal to an integral 





2 
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Fic. 4. Schematic diagram of a Fic. 5. Schematic diagram of an apparatus 


typical electrical shutter apparatus. for measuring W by magnetic deflection. 


multiple ” of the half-period T of alternation, the group is able to pass 
through the second grid to a collecting electrode. Thus, //W = nT/2; 
W = 2l/nT = 2if/n. If the field E is held at a fixed value while f is 
continuously increased from some convenient small value, the current 
to the receiving electrode remains small until f reaches a value f, corres- 
ponding to m = |. With further increase in f it exhibits a sequence 0 
minima and maxima, the nth maximum corresponding to a frequency fn- 
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Thus, in general, W = 2/f,/n. In this way the internal consistency of 
the measurements can be checked from the degree of concordance of the 
values of W corresponding to different values of 7. 

W is found as a function of E/p (reduced to 15°C). It has recently 
become apparent that the precision of the measurements can be impaired 
by the diffusion of the groups as they travel within the diffusion space 
(Duncan, 1957; Crompton et al., 1957). The greatest inaccuracies were 
shown to occur in short drift chambers and at small values of E/p. 
When, however, the appropriate precautions are taken, this method 
yields measurements of greater precision than any other. Experimental 
results are given in Brown (1959). 


9.2.2 Method of Magnetic Deflection 


Equation (25), W = (CE/B) tan @, relates the drift speed W to the 
angle 6 of deflection of an electron stream by a magnetic field B at 
right angles to E where C is a numerical factor. 

This formula, with C = 1, was used by Townsend and Tizard (1912) 
to make the first measurements of W for electrons. 

A modification of their procedure which is more flexible was used by 
Huxley and Zaazou (1949) and by Hall (1955a). The principle of the 
modified method is shown in Fig. 5. The receiving electrode of a dif- 
fusion chamber is bisected by a slit. When the magnetic field B is zero 
the currents 7, and, to the halves are equal but become unequal when B 
is applied parallel to the slit. The ratio Rg = 1,/i, can be expressed as a 
function of tan @ and B so that tan 0 may be deduced from Rg and W 
from tan @ by means of (25) if a value is assumed for C. Since W can 
be found reliably by the method of the electrical shutter, it would be a 
more profitable procedure to use W and tan @ to determine C and thus 
obtain information about the distribution function f(c). For instance, 
ah Maxwell’s distribution C = 0.85, but with that of Druyvesteyn 

= 0.943. 


10 Experimental Results 


10.1 Law oF EQUIPARTITION OF ENERGY 


According to the law of equipartition of energy, a particle moving at 
Tandom in a gas in equilibrium and subject to no forces other than those 
€xperienced in encounters with molecules acquires an energy of random 
Motion whose mean value is the same as that of a molecule of a gas. 
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The random speeds in a group of identical particles are distributed 
in accordance with Maxwell’s formula [(7) and (8)] and, in the notation 
of (40) and (41), k = k, = 1. 

It was found from measurements of W/D (§9.1) for a stream of 
monovalent ions of potassium moving in hydrogen, that when the 
ratio E/p was made very small, then k, — 1. 

For instance, 

E/p volt cm—'mm Hg! —_ 0.3 0.6 


ky 1.002 1.004 


The increase in k, with E/p actually represents a rise in the temperature 
of the ions above that of the gas, so that as E/p—» 0, ky > 1.t 

In order to obtain measurements of this precision, especial care was 
taken to obtain fields E of great uniformity and also to extrapolate the 
measured values of k, to zero current. 

Conversely, if the validity of the law of equipartition is assumed, then 
the measurements show that the experimental methods and the associated 
mathematical analysis are trustworthy. 


10.2 TownsENp’s ENERGY Factor k$ 


Monatomic gases 


As no recent measurements have been made, the reader is referred 
to those made by Townsend and his school about 40 years ago and given 
in the treatises of Healey and Reed (1941) and Brown (1959). Reference 
to these works may be made for other parameters of electronic motion 
in monatomic gases. 


Diatomic Gases 


As explained in § 7 the measured quantity is k,, which is the same as k 
when the speeds of agitation are distributed according to Maxwell’s 
formula. In other cases (41) the true energy factor k is k = }Fk,. For 
example, in a Druyvesteyn distribution k = $ X 1.312k, = 0.875A;. 
The results of recent measurements in air, hydrogen, deuterium, nitro- 
gen, and oxygen are given in the form of curves in Figs. 6 and 7. 


+ The experiment to which reference is made was performed to check the validity of 
the experimental methods where great uniformity of the electric field could be assured. 
Since the construction of the apparatus was such that it is unlikely that the hydrogen 
used was pure, the results are quoted only as an illustration of the validity of the methods. 
In pure hydrogen the rise of k, with increasing E/p may differ from that indicated by the 
results in the table. 

§ Equations (3), (4), and (40), (41). 
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Fic. 6. Curves showing the variation of k, with E/p in air, nitrogen, and oxygen 
(O.—Huxley et al., 1959; N.-—Crompton and Sutton, 1952; air—Crompton et al., 1953). 
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Fic. 7, Curves showing the variation of k, with E/p in deuterium and hydrogen 
(D.—Hall, 1955; H,—Crompton and Sutton, 1952). 
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The root-mean-square speed is (4) 
(c2)H® = 1.15 x 107 AY? = 1.15 x 107 x (2 FR,)!/? cm sec-}, 


With the law of distribution of (37) and from formula (38) with s = 2, 


@yr = alr (Vir Gy” 
whereas 


enor irG=rGirGr gy em 


=r(2) {r )r Ara Fhy'® x 1.15 x 10? cm sec. (46) 


Thus, (c)!/2 and & may be derived from hk, and represented as functions 
of E/p when the law of distribution is known or specified. For instance, 


with Maxwell’s distribution (n = 2) & = (8/37)? (c2)¥/2, 


10.3. Drirt VELOCITY 
Diatomic Gases 


The experimental results for air, hydrogen, deuterium, nitrogen, and 
oxygen are shown in Figs. 8 and 9. No results are available for drift 
velocities in deuterium measured by the electrical shutter method; 
values reported by Hall (1955b) were obtained by the method of magnetic 
deflection, the two curves shown in Fig. 9 for this gas resulting from the 
use of (25) with values of C appropriate to the distributions of Maxwell 
and Druyvesteyn. 


10.4 CoLuis1on Cross SECTION 


The collision cross section A appears in the formulae for the speed of 


drift W and the coefficient of diffusion D [(15), (16), and (18)]. Thus, 





v-SeEGl-se leas 9 « 
d= syle} = ax, (4) 


in which N, is the number of molecules in unit volume of the gas at 
unit pressure. For instance, when the temperature is 288°K and 
p= 1mm Hg, N, = 3.35 x 1016 cm-3. 


10. THE MOTIONS OF SLOW ELECTRONS IN GASES 361 


120 


80 
Wx10) 


cms! 


40 


0 
10 5 20 


o 
on 


E/p volt cm'mm Hg’ 
Fic. 8. Curves showing the variation of W with E/p in air, nitrogen, and oxygen 
(air and O,—Bradbury and Nielsen, 1937; N.—Nielsen, 1936). 
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(H,—Bradbury and Nielsen, 1936; D,—Hall, 1955b). 
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In practice, the dependence of A upon c has usually been deduced 
from W by using simplifying assumptions as follows: 

In the first instance it is supposed that A may be replaced by its mean 
value A for the given value of E/p (T = 288°K) so that (47) becomes 


at 
~ 3mN,A 


MH=rArQirGys 


so that (c-!) may be replaced by (@)-! in the formula for W and 


z _ _2¢ P(2/n) P(4/n) , (Elp) 
A= ann, Tom “Ww ™ 


(c*) (E/p), (49) 
From (38), 





Ps 
=: 


But since at each value of (E/p), (E/p)/W is a measured quantity and é 
is known as a function of E/p from k,, when 7 is specified, it follows that 
A can be represented as a function of when the form of the distribution 
law is specified through n. 

In practice, the values n = 2 (Maxwell) and n = 4 (Druyvesteyn) 
are usually adopted. It is found that A as a function of ¢ is not sensitive 
to the choice of n. The dependence of A upon c is then assumed to be 
the same as that of A upon é. 

Figure 10 shows the dependence of A upon é for the diatomic gases 
air, oxygen, and nitrogen. In all cases, A diminishes as €—0. In Fig. 
11 the results for molecular hydrogen and deuterium (Hall, 1955b) are 
shown. It can be seen that the collision cross sections are almost the same 
at each value of c as would be expected from the identity of the electron 
configurations of the molecules, and it may be concluded that the 
approximate treatment of formula (47) does not lead to gross inaccura- 
cies. 

The simpler form of (48) suggests that the dependence of A upon ¢ 
could be more conveniently derived frop pD than from W. pD itself 
is obtained from the measured values of W and W/pD which are both 
functions of E/p. 

If in (48) (c/A) is replaced by é/A, then A = ¢/3N,pD; since ¢ and 
pD are known from the measurements (when the distribution function is 
specified) for each value of E/p, then A can be found as a function of é. 
In cgs units with N, = 3.35 x 1038, it follows that (48) becomes 
pD = 10-” x (¢/A). 

Equation (48) can be used without modification when A is propor- 
tional to c. Put A = ac, then pD = 10-1"/a = constant. 


10. THE MOTIONS OF SLOW ELECTRONS IN GASES 363 





10 


zx10 ‘ems! 


Fic. 10. Curves showing the variation of A with é in air, nitrogen, and oxygen 
(N,—Crompton and Sutton, 1952; air—Crompton et al., 1953; O.—Crompton, 1953). 
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Curves showing the variation of A with ¢ in deuterium and hydrogen 
D.—Hall, 1955b; H,—Crompton and Sutton, 1952). 
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An important example of this special case is afforded by nitrogen 
when k, is small as is demonstrated by the following experimental 
measurements: 


(E/p) volt cm-! mm Hg7? 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 
k, 1.29 1.56 1.87 2.20 2.56 2.90 3.26 3.65 
pD X 10-5 cm? sec“? 3.04 2.99 3.04 2.98 3.111 3.02 3.05 3.10 


Thus, when k, <4, pD remains constant as k, is diminished, with 
pD = 3.02 x 10° from which it follows that A = 3.29 x 10-8 cm2, 


10.5 COLLISION FREQUENCY 


The collision frequency of electrons with speed c is vy = NAc and 
the mean collision frequency for all speeds ¢ is 7 = N(Ac). At constant 
temperature 7, N is proportional to the pressure p of the gas and Ac 
is a function of E/p; consequently >/p is a function E/p. The special 
case in which A is proportional to c is relevant to studies of the iono- 
sphere. Consider the motion of electrons in nitrogen when k, <4 
where it was found (§ 10.4) that A = 3.29 x 10-*8ccm?. It follows that 


i = 3.29 x 10-8 NC; 


but the mean energy of agitation of an electron isQ = 4 mc? from which 
it may be deduced that in nitrogen (Rk, < 4), 


b= 7.22 x 104 NQ sec}. 
Preliminary measurements indicate (Huxley, 1959) that in this range of 
energies the collision cross section A of molecules of oxygen are much 


smaller than those of nitrogen so that in air the collision frequency 


becomes 
v=0.8 x 7.22 x 10*NQ = 5.8 x 104 NO. 


When electrons are in thermal equilibrium with air, then 
Q= 3 me =O = 3 MC. 
But the pressure p of the air is p = 3NQ; consequently, in thermal 
equilibrium (Huxley, 1959) 
v = 8.7 x 10* p (p dyne cm-?) 
= 1.2 x 10° p(p mm Hg). (50) 


For instance, in a region of the ionosphere where the pressure 18 
10-3 mm Hg, » = 1.2 x 10®sec7}. 
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This formula gives a value of the collision frequency in the lower 
D-region of the ionosphere, at a height of 66 km, that is of the order of 
magnitude of the values found by Gardner and Pawsey (1953) and Fejer 
and Vice (1959) from the absorption of radio waves. It has been men- 
tioned in §3.5 that the magneto-ionic equations of Appleton and 
Hartree are not precise when the collision frequency 7 is important, with 
the result that the value of » derived by radio methods could involve 
“errors, by factors of several units” (Huxley, 1959, 1951). This matter 
has been investigated in more detail (Phelps and Pack, 1959). 

Formula (50) has recently been shown (Seddon, 1960) to accord well 
with rocket measurements of » by radio means and with the improved 
theory. 

Measurements of the dependence of A upon c have also proved to 
be of value in studies of the electromagnetic properties of gases at high 
temperatures (Shkarofsky et al., 1961). 


10.6 A Formuta ror W 1n Terms oF k, AND E/p 


In the following identity, W = (W/D) [(pD)/p], replace W/D by its 
value given by (41) to find 
40:3 /E 
W === (F) (0D). 


When pD is constant over a range of values of k, then within this range W 
is proportional to 1/k, x (E/p). In nitrogen when k, <4 

pD = 3.02 x 105 —(§ 10.4), 

W = 1.22 x 107 (E/p)k, 


so that if k, can be measured at smaller values of E/p than can W, the 
values of W can be derived from the formula (Huxley, 1959). 


consequently, 


11 The Losses of Energy by Electrons 
in Colliding with Gas Molecules 


11.1 Exastic Loss 


_ According to (30), the mean energy lost by an electron with speed c 
In elastic encounters with molecules of a gas is 
4me? — 4mc? = rn =f — a) (4 mc? — 4 MC?) 


(m + MP 
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so that when 4 mc? 4 MC®, the loss becomes [2Mm/(M + m)?] x 
(1 — «) $mc®. The mean rate at which electrons in a group lose energy in 
encounters when Q = 4mc*> 4 MC? and the scattering is isotropic 
and J, is independent of c (rigid spherical molecules) is, 


Mr’? Oey... MnP -= 

Y= (+ mp,” I, [Ode ra,” 

so that if the distribution function is of the type defined in (37), the 
mean rate of loss, according to (38), becomes 








eZ u( m \ aoe 





~ ], \M +m! Tin) 
But 
.__ al(4/n) = _ #I(S/n). 
“= TEM A = Tiny 


consequently, the mean energy lost in a single encounter is 


AQ = owe __ 21(6/n) P'(3/n) Mm 


= = Tym Tlajny * (+ me * 2 (51) 


The mean proportion of the mean energy lost in a collision is 


_ AQ _ Mm. _ 27(6/n) ['(3/n) 
"=O -Sartme SF TEmTam: © 
In order to take into account the influence of the thermal motions of the 
molecules we note that when no electric field is present 4Q = 0 and 
$ mc? = 4 MC? so that the appropriate generalizations of (51) and (52) 
are 


M: 





40 = Spas (b met — $ MC) 
Mm 1 
1= Sopp (!— |): (53) 


With Maxwell’s distribution, 2 = 2, S = § and with Druyvesteyn’s 
distribution (n= 4), S = 2.397. Also Mm|(M +m)? x m/M. In 
monatomic gases the values for 7 predicted by (53) and the measured 
values derived by means of (43) are in reasonable agreement as is 
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illustrated by the following measurements for helium (Townsend, 1928): 


gjp volt em? mm Hg~ 0.013 0.02 0.05 02 10 15 25 5.0 
k, 1.77 212 3.68 11.3 53.0 79 124 172 

7 x 108 13 156 23 255 24 26 34 9.8 
én (1 =) x 10% 1.16 1.51 2.25 294 3.20 3.22 3.24 3.26 


Thus, the majority of collisions are elastic when k, < 124 (kj = 
27 = lev). 


11.2 IneLastic LossEs 


If in (43) Maxwell’s distribution is postulated and it is assumed that / 
is independent of c, then k = k,; K = 2.37; consequently, 


2 

0 =F 1.8 x lo. 
When 7 is derived from this formula by using pairs of measured values 
of W and k, for the same value of E/p, it is found that the values of 7 
so derived are much greater than those predicted for elastic collisions 
from the formula 7 = (2.66m/M) (1 — 1/k,). For instance, in hydrogen, 
when E/p = 0.2 volt cm-! mm Hg-!, W = 4.8 x 105 cm secu, and 
k, = 2.5. The measured value of y is therefore 7 = 1.66 x 107%, 
whereas 

df -+) = hem 44 x 10-4. 

Similarly, when E/p = 1; W=9.9 x 10°; kj =9 and the measured 
value of 7 is 7 = 1.96 X 10-3 whereas the value for elastic collisions 
is 6.6 x 10-4. 
_ In other diatomic gases, with greater molecular weights, the disparity 
Is even greater; for instance, in nitrogen; E/p = 0.08; k, = 3.26; 
7 = 4.22 x 10-4; (2.66m/M) (1 — 1/k,) = 3.62 x 10>. 

It is apparent, therefore, that in a small proportion of a large number 
of encounters an electron loses a large proportion of its energy although 
the majority of encounters are elastic in which the proportion of energy 
lost is small. Evidence about the nature of these inelastic encounters in 
diatomic gases at the smaller values of k is provided by measurements in 


t The value of S appropriate to Druyvesteyn’s distribution has been chosen since 


this distribution will be a closer approximation to the true distribution for the larger 
Values of ky. 
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deuterium (Hall, 1955b) which when compared with corresponding 
measurements in hydrogen (Huxley, 1956) show that within a wide 
range of values of k,(1 < k, < 25) the value of 7 in deuterium is half 
that in hydrogen when k, has the same value in each gas. 

Thus, as for elastic collisions, 7 is inversely proportional to the mass of 
a molecule of the gas and it may be supposed that in these inelastic 
collisions the rotational energy state of the molecule is changed by the 
collision (Huxley, 1956; Gerjuoy and Stein, 1955). 

The angular momentum associated with a rotational quantum number 


J is 
P= (Ger) UU + Dp 


and the corresponding energy is 


o= (gap) Ut 


where h in Planck’s constant and J is the moment of inertia of the mole- 
cule. 

The angular momentum, relative to the centroid of the molecule 
imparted by the colliding electron when the molecule is changed from 
rotational state J to J’, is 


hs 
APe7= KF + OPO — GU + DP gs 
and the corresponding energy lost by the electron is 
h? , ? 
ders = (gar) J — DU +I +2). 


Since I is proportional to the mass of the molecule, 4e,,, is inversely 
proportional to the molecular mass. In many encounters the impact 
parameter of the colliding electron is such that its angular momentum 
is less than 4P,,, although its energy may exceed 4e,,,; thus, the major- 
ity of collisions are elastic, and the measured collisions cross section A 
refers to elastic collisions. 

On the basis of these principles it is possible to derive a semiempirical 
formula for 7 (Huxley, 1956). It is more useful, however, to consider 
the mean rate at which an electron loses energy in collisions rather than 7- 
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11.3. RaTE or Enercy Loss IN ENCOUNTERS 


Elastic Encounters 


The rate at which energy is lost in such encounters is 





266m 1 \= aoe OQ —Q,) (54) 


where Qy is the mean energy of agitation of a molecule. In nitrogen when 


kh, <4, 0 = 7.22 x 104NQ (§ 10.5) and it follows that 


We = 3.78 O(O — Q,)N erg sec“. (55) 


Inelastic encounters 


The theoretical approach outlined in § 11.2 (Huxley, 1956) leads to 
the following semiempirical formula for the rate of loss of energy in 
exciting changes in the rotational states of molecules when the law of 
distribution is that of Maxwell: 


wr = aNQ*?[exp (— B/Q) — exp (— B/Qo)] 
= aNk?/?|exp (— 6/k) — exp (— 4)]. (56) 


in which a, f, a, and 6 are constants independent of k, whose values are 
determined by experiment. 

The measured total rate of loss is w = EeW, whence w/p = e(E/p)W 
which is a function of E/p. In nitrogen at T = 288°K and when k, < 4 
(§ 10.6) 


1.22 x 10° | E 
ye ee 





W= ; 
ky p 
consequently, in this gas, 
2 
w = 5.82 x 10-2 (=) ergsec-!. (Ein volt cm~}). (57) 
k\p 


From Wr = W — We it is possible to deduce the values of the constants «, 

B, a, and b in (56). It is found that « = 7.29 x 10-18 and B = 4.41 x 

ae and, at T = 288°K, a = 1.78 x 10-*% and 6 = 0.74 (Huxley, 
36). 


Table I indicates the concordance of (56) and the measurements. 
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TABLE I? 


COMPARISON OF THEORETICAL AND EXPERIMENTAL ENERGY LOSSES 





= 0.02 0.03 0.04 0.05 0.06 0.07 0.08 
% 1.29 156 1.87 220 2.56 2.90 3.26 
= x 10% [from (57)] 18.0 33.6 498 66.1 818 984 114 
= x 10% [from (54)] 0.50 116 216 3.51 5.31 7.33 9.80 
PF 19% = 2% y oe 175 32.4 47.6 626 75.5 91.0 104 
N N 

> x 10° [from (56)] 17.5 323 478 62.6 77.4 90.8 103 


@ The experimental results from which the values recorded in this table are derived 
have not been published as further experimental verification is in progress. However, 
it is unlikely that the results of the more rigorous investigation will differ greatly from 
those given here. 


Thus, in nitrogen (k < 4), 








+ 3.78Q(0 —Qo) (58) 
and at T = 288°K (Q,) = 5.96 x 10-14 erg) 


we 
N 


k 





= 1.78 x 10-# 2? [exp ( 4) — exp (— 0.74)] + 1.33 


x 10-8 k(k —1). (59) 


When k — 1, (58) tends to the form 


sr = [28059 exp (— ral (2) (OQ —Qr) +3.78010—-Q,) (60) 


with a = 7.29 x 10!8 and 8 = 4.41 x 10714 as before and (59) becomes 


V7 = (6.28 x 10-5 k-¥2 + 1.33 x 10-262) (k — 1). (61) 
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When w/N is eliminated from formulae (57) and (59) the following 
relationship between k and E/p at T = 288°K is found: 


(4) = 3.06 x 10-* #8 [exp (— 27") _ exp (—0.74)] 


+ 2.29 x 10-5k? (k — 1 62 
and when k +1, ( ) (62) 


2 
(>) = 1.065 x 10-8 kV? (k — 1) +2.29 x 10-5 A(R — 1). (63) 


11.4 Rate or Loss oF ENERGY IN AIR 


There are reasons in support of the assumption that formulae (58)-(61) 
are applicable not only to nitrogen but also to air (Huxley, 1956) so 
that both in air and nitrogen when k > 1 


Hj = BIO — Qo) 
with 
= a8Q5*” exp (— B/Qp) + 3.78 Q, 


« =7.29 x 10-8; p=4.41 x 1074 (64) 


and 


It follows that B, through Qo, depends upon the temperature of the gas; 


for instance, 
T°K 288 196 


Bx 104 1.07 1.34 


11.5 THe INTERACTION oF RapIo WAVES IN THE IONOSPHERE 


The theory of the interaction of radio waves is based upon an expres- 
Sion for the fluctuation of the mean energy of agitation Q of the electrons 
about a mean value O under the influence of a modulated disturbing 
tadio wave. This basic equation is 


q RE 
Where w(2) is the power supplied in the mean to an electron by the 


disturbing wave and R is the mean rate at which an electron with mean 
nergy QO loses energy in collisions with the molecules of the atmosphere. 
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According to (64), R= BN(Q —Q,) if it is assumed that k ~ 1, 
Measurements of radio-wave interaction lead to values of BN such that 
in most cases 10?< BN <3 x 108 with BN = 2 x 10° as typical 
(Huxley, 1952, where BN is written Gy). 

Other measurements indicate that the cross modulation takes place at 
heights above the ground of 82 to 90 km. 

Rocket measurements indicate that at these heights the atmospheric 
composition is essentially the same as at the ground and that the temper- 
ature is about T = 196°K. 

The value of B is therefore 1.34 x 10-™ and the values of the mole- 
cular concentration associated with the values 10°, 2 x 10°, and 3 x 103 
of BN are, respectively, N = 7.45 x 10%, 1.49 x 1024, and 2.23 x 10", 
The heights corresponding to these values of N in the A.R.D.C. model 
atmosphere are 90.7, 86.6, and 84.2 km. It may be concluded that the 
laboratory measurements and the ionospheric measurements are mutually 
consistent. 

A more exact theory of radio-wave interaction and of nonlinear 
effects in plasmas in general is given by Ginzburg and Gurevié (1960). 
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In this chapter we survey the theory of excitation and ionization by 
electron impact and consider the results obtained by calculation and by 
experiment. Since the main emphasis is ‘on recent developments, we do 


374 
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not dwell on topics discussed adequately in previous reviews (Mott 


and Massey, 1949; Bates et al., 1950; Massey and Burhop, 1952; 
Massey, 1956a, b; Seaton, 1958). 


1 Classical Theory 


Let an electron in collision with an atom have a classical orbit with 
impact parameter R (Fig. 1). Let the atom be initially in state 2 and sup- 





Fic. 1. 


pose that there is a probability P,,(R) that a transition occurs to state j; 
evidently P;; < 1. The cross section for the transition is 


Q(i->j) = { P.,(R) 2nRAR. (1) 


Let the colliding electron have initial velocity v, and angular momentum 
L = mv,R. Then 


ij) = oa Goa | Pe(L) Lal. (2) 


For a reversible classical process one would expect to havet P,,(L) =P,,(L) 
and 


ji) = Ge | Pyle) Lat (3) 


where 
4 mv3 + E; = 4mvj + E;, (4) 
E, and E, being the atom energies. 


t More exactly, this would be expected when P,; is a function of total angular mo- 
mentum, which is conserved during the collision. 
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The magnitude of P;; may be expected to depend on 7¢, the distance 
of closest approach. According to classical orbit theory, re is obtained 
on solving 


a + V(re) = mv; 5 
2mr* a a (5) 


V(r) being the potential for the colliding electron. When V(r¢) is small, 
one has 


roe =~ R=L/mv,. (6) 


Consider the 7—j collision to be of de-excitation type (v; < v,). 
According to (6), when v, is small, r¢ becomes large for all finite L. One 
would expect P,,(L) to go to zero as v,; goes to zero. In this case the 
excitation cross section Q(j—2) is zero at the excitation threshold, 
4 mv; = (E; — E,). Furthermore, when v, is small one would expect 
P,,(L) to decrease rapidly as L increases. 

The prediction of zero cross sections at excitation thresholds is in 
agreement with experiment for neutral atoms. For positive ions a 
different law is to be expected. With V(r) = — ze?/r, from (5) one 
obtains r¢ = L?/2zme? in the limit of v;, — 0. It follows that cross sections 
for positive ion excitation will remain finite at threshold. 

The simplest classical estimate of the transition probability P;; is due 
to Thomson (1912). He considered a collision between two free elec- 
trons, one with an initial kinetic energy W = 4mv} and the other 
initially at rest. With impact parameter R the energy transferred is 


W 
TH RMF 


€ 


For ionizing collisions one takes P;; = 1 for all values of R giving 
e >I where I is the ionization potential. The ionization cross section 
is Qc. = n7R§ where Ri = (e?/W)? [(W/I) — 1] and where n is the 
number of atomic electrons (or the number in the outer shells). In terms 
of the Bohr radius, a) = ?/me?, and the hydrogen ionization potential, 


Ty = me*/2h?, this gives 
ou — an (EL) (1 — Fat ° 


Figure 2 shows Q/Q¢ against log,,(W/I) for H, He, Ne, and Ar, Q 
being taken from experimental results [Fite and Brackmann (1958), 
and Boksenberg (1961) for H, Smith (1930) for He, Ne, and Ar]. The 


classical theory is seen to give the correct order of magnitude, but at low 
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energies it overestimates by a factor of about 5 while at high energies 
the ratio Q/Qc) increases as log W. In a quantum treatment one finds 
that P rarely approaches unity, even for small impact parameters; this 
explains why the classical theory overestimates the low-energy cross 








logio (W/1) 


Fic. 2. The classical theory for neutral atom ionization. Q/Qei is plotted against 
logiy (W/I) where Q is the experimental cross section, Qei that given by (8), W is the 
incident electron energy, and J the ionization potential. 


section. Another feature of a quantum treatment is that one obtains 
finite contributions from impact parameters much larger than those 
which contribute in the classical theory. This is important at high 
energies and explains the fact that Q varies as (1/W) log W. This high- 
energy behavior is obtained if one treats collisional excitation, or ioniza- 
tion, as an induced radiative process (§ 5). 

Elwert (1952) has used classical theory as a guide for the extrapolation 
of experimental data. His method is based on the fact that, according 
to (8), (Z/Iy)?(1/n)Q is a universal function of (W/Z). The attempt is 
made to determine this function, not from classical theory, but from 
experimental data. Figure 2 shows to what extent the method is valid 
for ionization of neutral atoms. If there were some such universal 
function one would obtain, in Fig. 2, a single curve for all elements. 
It is seen that the differences between the curves for H, He, and Ar 
are quite small—smaller than the differences between the cross sections 
themselves—but that the Ne curve is well below the others. This 
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behavior of Ne depends on detailed quantum-mechanical properties of 
the atom (§ 5) and cannot be explained in a classical theory. 

The Elwert theory has been used to estimate cross sections for ioniza- 
tion of posiitve ions, particularly those of importance in the solar 
corona. Because the theory does not allow for the distortion of the 
incident electron orbit by the attractive field of the ion, it tends to 
underestimate these cross sections by a factor of about 2 or 3 (Burgess, 
1960). 

Attempts have been made to use classical theory for atomic excitation. 
The theory gives cross sections for excitation of definite energy intervals 
in place of discrete energy levels. The usual procedure is to take intervals 
equal to the separations of levels. It is known that the magnitude of 
excitation cross sections depends a great deal on the type of transition, 
whether or not it is optically allowed and whether it involves a change of 
atom spin. Classical theory takes no account of these differences. 


2 General Quantum Theory 


2.1 ELECTRON-HyDROGEN COLLISIONS NEGLECTING SPIN 


We use atomic units (e = m=h=1). For the hydrogen atom 
quantum numbers we use the notation 


a=nlm (9) 
and for the wave functions we use 


Wale) = Yin(#) — Pai?) (10) 


where Y,,, is a normalized spherical harmonic and f is a unit vector 
specifying the polar angles 6, p. The atom Hamiltonian is 


He) = — 472-4 (11) 
and the atom Schrédinger equation is 


A(r) p(alr) = E, Y(alr) (12) 


where 
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The Hamiltonian for electron-hydrogen collisions is 


1 
A(r,, r2) = A(x) + A(re) + he (13) 
where 715 = | 1 — r_ |. The complete wave function, Y(r,, r), satisfies 
[H(r1, r2) — E] P(r, r2) = 0, (14) 


E being the total energy. Let the colliding electron have a velocity k, 
when far from the atom and let the atom be in state a; then 


E=E,+$h. (15) 


When this gives k2 < 0, we define k, to be i[2(Z, — E)]}/?. 

Before the collision occurs, let r, be the coordinate of the atomic 
electron, r, that of the incident electron, and let ak, be the initial state of 
the system. The wave function (ak, | r,, r2) will have asymptotic form 

. , ’ Ra’ 
Paks leys 2) ~~, Wales) exp (ka * ra) ++) Wa’ lea) f(a’ alg) PE", 
: ey (16) 


f(a'k,,, ak,) is the amplitude for direct scattering from ak, to a’k,.. 
There is also a possibility of exchange scattering, the incident electron 
being captured and the atomic electron ejected. We have 


F ta exp tky-r 
Wak,lry, 2) ~ >) W(a'|r2) g(a’ty, af) Pe (17) 
1170 @ Lal 


where g(a’k,., ak,) is the amplitude for exchange scattering. 
The cross section for direct scattering is 


I(akeg > ak) = "2 | f(a'key, ake) | (18) 
Per unit solid angle. For the transition nl] — n'l’, the total cross section is 


Onl #7) = oe are z [is @tm'k,, nimk,) |? dy (19) 


where d&,,. is the element of solid angle about the direction k,,.. In (19) we 
have summed over final states (m’) and averaged over initial states (m). 
Exchange cross sections are obtained on replacing f by g. 
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2.2 SPIN VARIABLES 


The foregoing theory is unsatisfactory in that the two electrons are 
treated as distinguishable. To correct the theory we must first include 
spin variables. 

For one electron we use a spin quantum number p = + 4, a spin 
coordinate o = + 4, and a spin function 8(u|c) which is unity for 
o = pw and zero for o # uw. For the space and spin coordinates we use 
xX = (r, o) and for the atom functions we use 


Wap|x) = (uo) Yin(#) + P,ul(?)- (20) 


To satisfy the Pauli principle the complete wave function must be 
antisymmetric in the coordinates: 


P(X, Xo) = — P(Xp, 1). (21) 


With this condition we may no longer distinguish between the coordin- 
ates of the atomic electron and of the colliding electron, but we may 
specify their quantum numbers. Let y, be the initial spin of the atomic- 
atomic electron, and yp, that of the colliding electron. For r, large the 
complete wave function will have asymptotic form 


co 


1 ; 
anata Kelsi» 2) ,-~, 7 [ae l¥) (ues) exp (has) 


, , rr 7g Ry’ 
+ > Y(a'L;|%1) 8(uglog) f (a’niHofe, Gjt4H49Kq) apes (22) 


a’ uius 


and the corresponding form for 7, large follows using (21). In (22), the 
factor (1/4/2) is inserted for convenience in later work. From the ampli- 
tudes f (a’ujusk,, 244Hk,), we obtain the cross sections for transitions 
in which the spins are specified. If we average over initial spins and sum 
over final spins, we obtain 
: ky 1 tuck &)12 

I(ak, > a’k,) = ee : 4 . lf (@‘wip2K a, apypok,) |” (23) 
. Miah’ 
On neglecting spin terms in H, we have the spin conservation condition 
By + Be = oy + pp 
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2.3 Spin CouPLinG 


For two electrons the resultant spin is S = 0 or | and the functions are 


x(SM, Joy, 02) =) Crna, 8(H4100)8(H202) (24) 
Myke 
where C4% is a vector-coupling coefficient. 
Explicit expressions are: 


x(SM,|o1, %2) = 


3( les) 8( Blea) £21 “Mel 
Sr; {8(Blow) (— Blew) + — Hie) Sieg} S= 1M, =O 
8(— #lo,) 8(— Flos) a 


Fy (dion) 8(— Flos) — 8(— F1o,) 8(Hlo,)} S=0 M,=0. (25) 


The complete wave function is 
P(SM,|xy, X2) = x(SM,|o1, o2) P(S|ry, r2)- (26) 


Since y is symmetric for S = | and antisymmetric for S = 0, for the 
space function we may put Y(S=1)= WY and YW(S=0)= 


where 
P#(ry, re) = + Y*(re, 13). (27) 


Let the asymptotic forms be 


(als #2) ~ y |Olales) exp (ike) 


, 1A Ry! 
+ vars) f+(a'ty, ak) “Pet! (a8) 
The amplitudes for uncoupled spins are given by 
ne a4 
F eivs ata) = Be Cham, 0S) Chasm, (29) 
SM 


where f(.S = 0) = ft, f(S = 1) =f-. For the cross section (23), 


pa Ke ft 43 1f- Py. (30) 


a 
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The unsymmetrized function is 
Poa [+e 31 
TE [ ] (31) 
f=3Ft+f), g=3(ft—f>). (32) 


and 


2.4 EXPANSIONS OF THE COMPLETE WAVE FUNCTION 


We consider the nature of the expansion 
Mey re) = 2) Males) Flair). (33) 


If a is a bound state, Y(a|r,) goes to zero exponentially for 7; >. To 
obtain an asymptotic form such as (17), it is therefore necessary to 
include positive energy states, for which we put 


a=klm 
where the energy is 


E, = $x. 
We take the functions ¥(«lm|r) to be normalized to 
| b*(xlm|r) Y(x'lm|r) Br = 8(E, — E,.). (34) 
The radial functions P,,,(r) will then have asymptotic form 
Palr) ~ (2 i sin [er — fl + — log (2xr) + arg DP’ (1+1— 4\) 
The expansion (33) is 
Y= py > (nlm|r,) F(nlm|r,) + i sb(elm|r,) F(xlm|r,) dE BS (35) 


It is shown by Castillejo and associates (1960) that F(«lm) contains 
singularities at all points «x =k, for which k2 >0. The asymptotic 
form (17) for 7, large is obtained on choosing a path of integration 
which passes around these singularities below the real « axis. 

For Y%* we may use explicitly symmetrized expansions: 


P(r te) = FD (Wal) Fa(aing) + Hale) Pa(aley)p. (36) 
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For a given function ¥+, (36) does not define the functions F+ uniquely; 
thus, (36) is unaltered if one adds ax(a’) to F+(a) and (F)ap(a) to F*(a’). 
One can choose the functions F* to be such that there are no singu- 
Jarities in the integral over E,. The asymptotic form of + is then 
determined by the asymptotic form of F: 


Pe(ry t2) yD) Main) F*(alra)- (37) 


These considerations are of importance for practical calculations. In 
calculations for excitation of atoms it is usual to employ expansions con- 
taining only a few terms and to neglect the integrals over E,. Such expan- 
sions can have correct asymptotic forms, in both variables, only when the 
explicitly symmetrized expansions are used. But for this advantage 
there is a price to pay: with the symmetrized functions we have to 
solve coupled integro-differential equations in place of coupled differen- 
tial equations. 


2.5 CouPLED EQUATIONS 


The equations satisfied by the functions F(a|r) in (33) are obtained 
from 


| ¥*(@lry) [H — £] P(r 1) dr, = 0. (38) 
This gives 
[V* + Fa] Flair) = 2 3) Vooe) F(a'Ir) (39) 
where 
Veolts) = [ Kaley) [— = + 2] olin @r (40) 


With symmetrized functions we obtain in a similar way 
[7? + Be] Pe(alr) = 2) (Vault)  Woolt)] F(a'ie) (41) 
where W,,,. is an exchange operator defined by 


Wage) F(a'|r2) = i $*(a|r,) [H(ry, re) — E] F(a'|r,) Br, Y(a'|r2). (42) 
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2.6 INTEGRALS FOR SCATTERING AMPLITUDES: 
THRESHOLD Laws 


The following theorems are proved by Mott and Massey (1949): 
I. Let u(r) be such that ru — 0 for r+. Then, functions F(k, r) 
exist which satisfy 


[V? —u +k] Fk, r) =0 (43) 


sa ikr 


F (k, r) ~ exp (tk « r) + p(#) —— (44) 


II. If ru—+0O and rA +0 for r+», functions Y(r) exist which 
satisfy 


[72 —u + 8] (er) = A(r), (45) 
Gr) ~~ W(#) AP (46) 

Furthermore, 
hk) = — t [FA 8) Ale) de. (47) 


If a and a’ are bound states, or if either one of them is a bound state, 
it may be shown that rV,,.->0 for r+, Theorems I and II may 
therefore be used to justify our asymptotic forms for excitation of 
neutral atoms. 

On writing (39) in the form 


2 , , 1 1 
7? + Rel F(@'ies) =2 foal) [—7—+7-| Merve drr (48) 
and using (47) we obtain 
f (a’k,., ak) 


1 ; ; ae | 
To oe f b*(a'|r,) exp (— tk, « r9) [- Te + | Pak, |r), r) dr, dr. (49) 


Let I(a-»> a’) be an excitation cross section. At threshold k,, — 0, 
but the complete wave function Y remains finite and therefore the 
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scattering amplitude remains finite. Since J(a — a’) = (k,./k,) | f(a’, a) |?, 
] is proportional to k,, just above threshold and is independent of the 
direction of k,,. Figure 3 shows experimental results, for 1s—» 2p 
transitions in hydrogen, which appear to be in satisfactory agreement 
with the theory. Threshold laws are discussed further in § 3.7. 


2 
lo 


Qi (Is—2p) in wai 





Fic. 3. The threshold law for H 1s — 2p. The cross section Q (Is — 2p) is obtained 
(Fite et al., 1959) on counting photons emitted perpendicular to the electron beam and 
assuming an isotropic photon distribution. This is plotted against k,,, the final electron 
velocity in atomic units; the final electron energy is k2, in 13.60 ev units. 

2.7 Weak CouPLING APPROXIMATIONS 
We consider the equation 
[V? + k2] F(a’, alr) = 2) Vu-.q. F(a”, alr) (50) 
ae 


where a is the initial state, 


F(a’, a) ~ exp (ky * x) 8(a’, a) + SP He? 5 (a, a) (51) 
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Let the kinetic energies, 42., be so large that the right-hand side 
of (50) can be treated as a small perturbation. We then have 


F(a’, a) ~ exp (ik, - r) 8(a’, a). (52) 


On substituting this approximation on the right-hand side, we have 
the equations of the first Born approximation, 


[V2 + k2.] Fpi(a’,a) = 2V,.. expik,-r (53) 
from which one obtains 
falda) = — ~ i exp (—ik, *r) Va-gexp (ik, r)@r. (54) 


To obtain the distorted wave approximation we suppose that V,,.. 
is small for all a’’ #4 a and that V,,.,.. is small for all a’’ 4 a’. We then 
have, in place of (50), 

(7? + k2] Fla, a) = 2 Vq Fla, a) (55) 
[V2 + k2] F(a’, a) =2V,.4. F(a’, a) +2 Vag F(a, a), (56) 


and from this we obtain 


poe ee - [ FQ, Kee) VaruF (ty be) Be (57) 

where 
[P®# —2 Vege + hE] F(a", ky.) =0, (58) 
F(a", Key.) ~ exp (ig. 2) + fy, SP er (59) 


The exchange distorted wave approximation is obtained from the 
foregoing equations on replacing V by (V + W). The Born-Oppen- 
heimer approximation is 


fio = — x [ exp (— tka“) [Voro Worl exp (ia ®)@r. (60) 


In §3 we shall give more precise criteria for determining the validity 
of these approximations. 


1]. EXCITATION AND IONIZATION BY ELECTRON IMPACT 387 


2.8 THE SECOND BorRN APPROXIMATION 


The Born approximation may be treated as an iterative procedure. 
In the first Born approximation the wave functions, solutions of (53), 


are 


exp tk,, |r —r’ | 


, ; 2 1 
F(a ale) = exp (ig *#) 8(a', a) — 5 [ APE e ET 


X Vaig(r’) exp (tk, « r’) d3r’. (61) 


On substituting on the right-hand side of (50), in the second Born 
approximation 


, 1 o wt 
f(a’, a) = — soy | exp (— tk,. - r) Vag. Fp,(a”, alr) ar. (62) 


On writing the potential, [— (1/r.) + (1/ry2)], as Avo, the Born 
approximations may be considered to be an expansion in powers of 
X. In the first Born approximation, f is proportional to A and J to A?, 
while in the second approximation f contains a term in A? and J a term 
in A‘, In the third approximation, one has a 4° term in f which also 
contributes to the A‘ term in J and it is shown by Kingston et al. (1960) 
that this may partially cancel the A‘ term in the second approximation. 
In using the second Born approximation it is therefore best to omit the 
- term in J, 


2.9 COLLISIONS WITH PosITIVE IONS 


We consider electron collisions with hydrogenic positive ions, con- 
taining one electron and having a nucleus of charge Z. In place of (39) 
we now obtain 


[72+ va al 2 3] Fale) = 2%) Vealt) Fla'tr) (63) 


r 
where V,,,, is defined by (40) and the (a) are wave functions for the 
ton. The term 2(Z — 1)/r on the left-hand side introduces some modi- 
fications into the asymptotic forms. For scattering by a pure Coulomb 
Potential we have 


[7+ = + A] x(a, ke) =u (64) 
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with solution (Mott and Massey, 1949, p. 46) 
xX = exp (zry/2) F(1 — ty) exp (tk - r) O[ty, 1; (kr —k- r)] (65) 
where y = 2/k and where 


a(a + 1)x? 


Ha, b5 2) = 14+ 55 + 5+ Iya 


+. (66) 


The function x has asymptotic form 


x >, Pk r) + SCA, 7) fel) (67) 


where k- r = kr cos 8 and where 


P(k, r) = (exp tk +r) x exp — ty log [kr —k- r] 


=e) x exp iy log (hr) 


S(h, 7) = ( 
18) = (Gq soem) X Py low Ld (1 — 0s 6)] + 2arg MU — un 


cos @) 


The Coulomb differential cross section is Ic = | fc |?. The function 
P(k, r) is a modified plane wave, replacing exp 7k-r and S(k, 1) is a 
modified scattered wave, replacing (exp zkr)/r. For the electron-ion col- 
lision problem the asymptotic forms must be expressed in terms of P 
and S. Similar modifications occur in the integrals for the scattering 
amplitudes. Thus, in place of (49), one has 


f (a'k,., aa) 
=-5 ~ { Y¥(a's) x(Z— 1, — Kees 42) [-= + >] P(akalr,, r2) Bx, dry. 
(69) 


To obtain the threshold law one requires the behavior of x(z, k, r) for 
k — 0. From (65) it may be shown that 


x(2, kk, r) ~, (2my)¥? exp (i[y — y log y — 4n}) Jo[(82r)*? sin 8/2] (70) 


where y = 2/k and J, is a Bessel function. It follows that | f | behaves 
as k71/? for k,-->0 and that J(a — a’) remains finite at threshold. 

In the Coulomb-Born approximation, the right-hand side of (63) 
is treated as a perturbation. If we include exchange terms on the right- 
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Fic. 4. Cross sections for transitions in hydrogenic ions calculated in the Coulomb- 
Born approximation (Born for Z = 1). Z4Q is plotted against (W/4E), W being the incident 
electron energy and 4E the transition energy difference. (a) 1s 2s calculations by 
Tully (1960); (b) 1s + 2p calculations by Burgess (1961). 
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hand side we have the Coulomb-Born-Oppenheimer (CBO) approxima- 
tion, 


fézo(a’k,, ak.) a . f x(Z —1, —k,.,r) (Vara + Waa] x(Z —1,k, r) dr, 
(7) 


In the limit of Z —>~, the terms treated as perturbations are vanishingly 
small compared with the terms treated exactly and the CBO approxima- 
tion is exact even at threshold. 

It is of interest to consider the cross sections O(a —> a’) for a definite 
transition in the isoelectronic sequence obtained when Z varies. In the 
limit of large k the Coulomb wave y approximates to a plane wave and 
the Born approximation may be used. It may then be shown that 
Z'Q(a—> a’), as a function of k2/(k2 — k2.), does not depend on Z; 
thus, the high energy cross sections behave as Z~*, in agreement with 
classical theory [in (8), (J/Jq) = Z*? for the hydrogen isoelectronic 
sequence]. 

Figure 4 shows the results obtained in the CB approximation for 
ls—> 2s (Tully, 1960) and 1s > 2p (Burgess, 1961) transitions in the 
hydrogen isoelectronic sequence. 


2.10 IoNIZATION 


In § 2.4 we introduced the functions ¥(«lm), normalized to 6(E,, — E,,) 
for the positive energy atom states. When ionization can occur, to the 
asymptotic form of the wave functions (16) one must add 


D | Hxtmir,) f (aime, ake.) —— dE (72) 


Um 
where the total energy is 
E=4(H + 0). (73) 
The total cross section for ionization from state a is 


E 
Qton(a) = | O(a B,) dB (74) 


where 


O(a > E,) = ty J | f (xlmk, ak,) |? dk. (75) 
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When one uses symmetrized functions one has, in place of | f(x) |?, 


{ZI F(«) P+ EF) Fy. (76) 


The factor of 4 in (76) occurs because the ionization cross section is 
defined in terms of the number of ionizations, not in terms of the total 
number of electrons either scattered or ejected (Peterkop, 1961). 

It is of importance to consider the effect of screening in the final state 
for ionization problems. For ionization of hydrogen one has 


(V2 + A] F(xlr) =2 2 V.qF(a\r) + ) V2. F(x’ |r) dE,,. (77) 


where E = 4(k? + x), For r+ the V,,, go to zero at least as fast as 
r-*, but it is shown in the appendix that 


i Veg F(a!) dE ge Pls) (4) (78) 


where 


0 for k<k 
B= i (je) fork ve) 
Thus, in considering the potential for the scattered electron, one can 
say that the ejected electron screens the nucleus completely only when 
its velocity is less than that of the scattered electron. 

We have defined £ as the total energy, so that E — 0 at the ionization 
threshold. It may be shown that the functions %(«Jm) remain finite for 
E,—0 and therefore, for finite k, the cross sections Q(a— E,) are 
always finite for E,—>0. When one uses Coulomb functions for the 
scattered electron (velocity k) the O(a— E,) remain finite for k +0 
and, for small E, Qion behaves as E. When allowance is made for incom- 
plete screening it is seen that this is the correct threshold law for ioniza- 
tion of neutral atomst as well as positive ions. The Born approximation, 
Which assumes complete screening, gives an incorrect threshold law 
for ionization, Qion behaving as E%/2, 


t Geltman (1956) used Coulomb waves (with 8B = 1) for the scattered electron and 
hence obtained the correct threshold law, but his results give only a lower limit for the 
threshold slope since he considered only s-waves (see § 3.7). 
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Figure 5 shows experimental results for near-threshold ionization 
of hydrogen together with the calculated Born cross section and Fig. 6 
shows ionization cross sections calculated in the CB approximation for 


the hydrogenic ions. 
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Fic. 5. Cross sections for near-threshold ionization of hydrogen; (W/I)Q against 
(W/I). Full line, curve experimental; dashed curve, Born approximation. The experi- 
mental results give a variation as [(W/I) — 1] compared with [(W/I) — 1]°/ in the Born 


approximation. 
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Fic. 6. Cross sections for ionization of hydrogenic ions calculated by Burgess (1960) 
in the CB approximation (Born for Z = 1); Z‘Q against (W/I). 
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2.11 TRANSITIONS IN COMPLEX ATOMS 


When one neglects spin terms in the Hamiltonian, a transition in- 
volving a change in atom spin can be brought about only through electron 
exchange. For hydrogen a change in spin can involve only »,, which 
describes the orientation of the atomic electron, but for complex atoms 
one may also have changes in S,, the quantum number for the total 
spin of the atomic electrons. A change in S, can be brought about only 
through electron exchange. For transitions not involving a change in S,, 
exchange may still be important, but one can obtain finite cross sections 
in approximations which neglect exchange. 

Calculations for complex atoms differ from those for hydrogen in 
another important respect. For complex atoms it is necessary to use 
approximate atomic wave functions and this may introduce additional 
errors. 


2.12 POLARIZATION OF IMPACT RADIATION 


Let the transition a—a’ be excited by an electron beam directed 
along the Oz axis and assume, to take the simplest case, that a is an 
S state. Radiation subsequently emitted in the a’ + a” transition will be 
partially polarized and will have an intensity %(6) which varies with the 
angle 6 between Oz and the direction of observation. When viewed 
perpendicular to Oz, let the intensities be 4!! and 4+ for radiation with 
electric vectors parallel and perpendicular to Oz. On defining the polar- 
ization fraction as 


P= (Sil —F*)(Ill + F4) (80) 
one has 


1 — P cos? 6 
40) = [Farr] 6) 
where ¥ is the mean intensity. 
The theoretical expressions for P (Percival and Seaton, 1958) involve 
the cross sections Oy, for exciting the M’ states of the upper level. Thus, 
for a P+ § radiative transition one has, neglecting spin, 


P= (Qo Q1)/(Qo +p Q,). (82) 


To obtain P as a function of energy one must calculate the ratio (0,/Q,). 
At threshold this ratio is determined by angular momentum conserva- 
ton. With an initial S state the entire system has zero angular momentum 
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about Oz. The scattered electron cannot have any angular momentum 
when its velocity tends to zero, and in this limit only M’ = 0 can be 
excited. Hence, at threshold, (Q,/Q)) = 0 and P = 1. 

The polarization is reduced when fine structure is included and is 
further reduced by hyperfine structure when the natural linewidth is 
small compared with the hfs separations. Percival and Seaton consider 
the case of the Ly-« line of hydrogen for which the width is comparable 
with the hfs separations. 

Skinner and Appleyard (1927) have measured P for a number of 
Hg lines. At energies not close to thresholds, the general pattern of their 
results is in agreement with what theory would lead one to expect, but 
as the excitation thresholds are approached the measurements appear 
to give P tending to zero. This is illustrated in Fig. 7. There is no 
satisfactory explanation of this near-threshold behavior of the experi- 
mental results. 





Fic. 7. The polarization fraction for radiative \D — 1P transitions without hyperfine 


structure; P against J/ W/4E. Dashed curve calculated for He 3!D — }P (Percival and 
Seaton, 1958), full line curve, experimental for Hg 71D — 6'P (Skinner and Appleyard, 
1927). 


3 Partial Wave Theory 


The partial wave theory, in which one considers states of definite angular 
momentum for the colliding electron, is needed for all practical calcula- 
tions other than those using the Born approximation. In place of the 
partial differential equations of § 2.5 one obtains differential equations 
in one variable which may be solved by numerical methods. 

The partial wave theory also enables us to obtain much more precise 
estimates of the reliability of different approximations. 
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3.1 THE ScaTTERING Matrix 


The functions 


exp + i(kr — 4/n) 


gs(Alm|r) = k-1/? Y,,,(#) ; 


(83) 


represent waves with angular momentum /m and a total current of 
one particle per unit time. The function y_ represents an incoming 
wave and 9, represents an outgoing wave. 

We use quantum numbers a = nl,m, for the atomic electron and 
k, lam, for the colliding electron, and we consider complete wave func- 
tions Y(al,m,|r,, r.) having asymptotic form 


¥(al,m,|r,, 2) | cee >, Hair) p—(Ralgms| ry) 


— DY Wa'iry) p,(Re-lamg|r,) S(a’lgm;, alym,) (84) 


a’ lgms 


where S is the scattering matrix. For elastic scattering S(J) = e'™. 
The condition for conservation of current ist 


> | S(a, 0’) ? = 1. (85) 


When the coupling is weak for « > «’ one must have 
| S(a, a’) |<<. 


To obtain the scattering amplitude in terms of S we require the rela- 
tions: 


exp ik r =D) (21+ 1) Pik #) i! Lider), (86) 
ule) = (BB) Iusal) ze sin (x — £0), (87) 

and 
Pl #) = (57-25) X Vin&) Yan(@) (88) 


F + When unsymmetrized functions are used, in (85) we must include contributions 
Tom exchange amplitudes. 
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One obtains 


f (a'k,. ’ ak,) 


= EF c Sie Dy Viana (le) Vizna(la) #4 T(a‘Tgms, alma) (89) 


Tymelgms 
where 
T(x’, «) = 8(a’, «) — S(a’, a) (90) 


defines an element of the transmission matrix, T. On substituting in (19) 
we obtaint 


O(nl, > n’h) = ue iy De De Dy | Meelis, nlymylams) |*. (91) 


MyM, Ila Mam 


A simpler expression is obtained on introducing the total angular 
momentum, LM. Define 


®,(nl,),LM|r,, r2) = = a is p(nl,my|ry) ps(Rnlame|te) (92) 
MMe 
and let 


' , 93 
Valalty 2) ~, Paley #2) —D Pr(a'lea #2) Sle'sa). — ) 


The matrix S(n’l,I,L’M’, nl,l,LM) is diagonal with respect to LM, since 
the total angular momentum does not change, and is independent of M, 
this quantum number serving only to define the orientation of the entire 
system with respect to some arbitrary direction. The S matrix 
satisfies transformation relations of the type 


‘mym,M m,m,M°* 


S(Limjlgm;, lmylym,) =, CHE S(IglgL, ble) Ch” (94) 
LM 


Equation (91) becomes 


O(nl, > n’l) = E Okt ‘: 1. » (2L + 1)| T(n’LLL, nljlpL) |. (95) 


+ Expression (19) is independent of the direction of k,. The simplest derivation of (91) 
is obtained on integrating (19) over dk, and dividing by 47. 
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When we include spin variables and use antisymmetric functions 
(x1, X2), we obtain 


1 = 
Qlnl, > 0) = Fe ET D AL +1) QS +1)| TH’'YUSL, nhylySL) |?. 


4(21, + 1 Lee (96) 


These expressions may be compared with the classical theory (§ 1); 
| T(x’, x) |? is the quantity corresponding to P,,.. 


3.2 THe REACTANCE MATRIX 


It is usually convenient to work with real functions. We define 


sin 


1 
= —1/2 r — 
(8 (kim|r) k Yim(#) - lee 


) (kr — 4 In) (97) 


and ®,, ®, by relations similar to (92). The R matrix is defined by a 
function Wp having asymptotic form 





P(x) ~ Bs(a) + DY) Be(a’) R(a’, «). (98) 
On using 
U76,=0,—-0, 2W.=6,46_ (99) 
one obtains 
_1+iR 
S=7- 3. (100) 


For elastic scattering, R(J) = tan 7). 


3.3. PROPERTIES OF THE R AND S MatTRICeEs 
In the representation 
a = nl,l,SL (101) 


and with the usual phase conventions (Edmonds, 1957) it may be 
shown that R is real and symmetric, 


R=R*=R, (102) 
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and that S is unitary and symmetric, 
sts=1, S=S (103) 


The conservation relation (85) is a special case of the unitary property. 
From S = § we obtain the reciprocity relations, such as 


(21, + 1) kn O(nl, > n't) = (2 + 1) Rp O(n’, — nl). (104) 


3.4 RADIAL EQUATIONS 


Let us define 


5 lt 
P(nl,1,L |r, to) = > Ce Y(nl,m,|r,) Yiym(fe) re F(nl,1,L|re) (105) 
MMe 


and let the complete wave function be 
1 ; ’ 
W(x) = Viw {D(a'|ry, r2) + D(a’ |p, r1)}. (106) 
For the radial functions F(«) one obtains equations of the form 


= —~ HOE) 1 il ry = 2) (Vax + Wan} Fle’). (107) 


dr? r 


These are discussed in detail by Percival and Seaton (1957). 


3.5 VARIATIONAL PRINCIPLES 


For any symmetrized function ¥, (= Y}) with asymptotic form 


Fa) me, Ty | Pata te) + Pelee ey) RAw a), (108) 


define 
Loe, «') = J W* (a) [H — E] Va’) Br, dr, (109) 
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By a generalization of the argument giving the Hulthén and Kohn 
variational principles for elastic scattering (Chapter 9, § 1.7) it may be 
shown that 


R(a, o’) = Ria, aw’) — 2L (a, a’) + 2{ bY *(a) [H — E] 8a’) dr, d’r, (110) 


where 5¥ = WY, — V, W being the exact wave function and R the exact 
reactance matrix. Given any approximate wave function Y,, with cor- 
responding R,, an improved estimate for R is 


Rx = R; — 2L;. (111) 


3.6 Weak CoupLING APPROXIMATIONS 


In weak coupling approximations one first obtains functions 
1 
¥(a) = V2 {®(alr,, re) + Palre, r,)} (112) 


neglecting the coupling, so that Ra, «’)=0 for a a’, and then 
calculates 
Ry(a, a’) = — 2L a, 0’). (113) 


In terms of the radial functions this gives 
Ry(a, «') = —2 J F(olr) [Var + Woy] F(a'|r) dr. (114) 


In the exchange distorted wave method one would have 


(2 -— Ma tl 30, 2Wote8 


( dr? 72 


F(alr)=0, (115) 





F(alr) ~ kz {sin (kar — $ lam) + cos (kyr — $y) R(x, a)}. (116) 
In the Born approximation one usest 
Fe(alr) = hej, (ha?) (117) 
and neglects W,,,, in (114). 


th, is defined by (87). 
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Given a real symmetric R, S calculated from S = (1 + 7R)/(1 — iR) 
will be unitary and symmetric. For a 2 x 2 matrix, 


URya 
Sia = [RU — ik) FRET” (118) 
For the weak coupling approximation to be fully justified it is necessary 
that R,,, should be much less than unity. With R,,, <1, (118) can be 
replaced by 
2iR gx’ 
on (T= iB) (I — Ree)” 





Ss (119) 


It is the last expression which corresponds to the formulation of § 2.7 
and it is this expression which has been used in most calculations. In 
using (119) one does not automatically satisfy the condition that 
| S(«, «’) | should be less than unity and, in practice, values greater than 
unity have often been obtained. When R(a, a’) is of order unity, a 
better approximation is to use (118) (Seaton, 1961). 

In the Born approximation one has Ry = 0 and 


Ra(w, «’) = —2 Fp(a) Vy Fp(a’) dr. (120) 


Consider the use of the Born approximation for the calculation of 
S(a, a). The approximation should give good results when Rg(«, «”’) 
and R,(a’, «’’) are small for all a’. For the calculation of S(«, a’) 
one may then replace S = (1 + 7Rg)/(1 — 7Rg) by 


S~1+2:Rg (approximation B I). (121) 


This is the usual form of the first Born approximation. An alternative 
form of the first Born approximation is obtained using 


S =(1+iRg)/(1—7Rg) (approximation B II) (122) 


which ensures that the conservation conditions are satisfied. When 
the coupling becomes moderately strong [Rp(a, a’) ~ 1], approxima- 
tion B II will generally be better than B I (Seaton, 1961). 

If the distortion potentials V,, and V,,, are not small, S(a, «’) 
calculated by method B II will be smaller than that calculated by 
method B I. However, this decrease, which results from imposing 
conservation conditions, may be offset by another effect; attractive 
potentials tend to pull the wave functions in towards the nucleus and 
this tends to increase S(a, «’). This effect of distortion can be calculated 
only by going beyond the first Born approximation. 
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3.7 THRESHOLD Laws 


These may be obtained by arguments similar to those of § 2.6. For 
excitation of neutral atoms 


| T(a’l,, al.) |? 


behaves as k2/2*! for k,,. > 0. At low energies the partial wave summations 
therefore converge rapidly. Close to threshold the sum is dominated 
by the contribution from J; = 0 and one recovers the law that O(a > a’) 
behaves as &,,. 

In some cases this law has little practical significance. In the transition 


2pt 8P > 2p4 1D 


in atomic oxygen the partial cross section for J; = 0 is always very 
small but the contribution from /; = | is large. For all practical purposes 
the threshold law is that O behaves as k3. (Seaton, 1953). 

For transitions in positive ions, T(«’, «) remains finite at threshold 
for all values of the angular momenta. 


3.8 ‘Types oF TRANSITIONS 


We classify transitions according to the range of the interaction, 
(Fas = W axe) 

Let the radial functiont F(al|r) be small for r <7,; r; corresponds 
to the classical distance of closest approach. For spherical Bessel func- 
tions, j,(kr), one has 


r= (+ PR. (123) 


For collisions with neutral atoms this expression gives an estimate of r, 
for the distorted wave functions, but for collisions with positive ions 
of charge z one has, for small ?, 


r, ~ Ul + 1)/2z. 


t We here use / in place of /, for the angular momentum of the colliding electron, 
and a for the states of the atom. In using al for the entire system we omit specification 
of the total angular momentum. 
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The magnitude of the element of the transmission matrix, T(al, a’l’), 
depends on the size of the interaction, (V,,. + W,,,), in the region for 
which the wave functions are large; T (al, a’l') will be small if 
(Vaa + Wag) is small for r > 7, or 7}, whichever is the larger. 

Transitions involving a change in atom spin depend entirely on W,,,., 
According to (42), this is small for r >7, where r, is of order of the 
atomic dimensions; T will be small for r; > 7,. The colliding electron 
must penetrate the atom if exchange is to occur. At low energies only 
a few values of / contribute significantly, often only one or two, but for 
these quite elaborate calculations are required. The important partial 
waves are usually quite different from spherical Bessel functions (plane 
wave components) and in consequence the BO approximation rarely 
gives useful low-energy results. This is discussed by Bates et al. (1950). 
At high energies the spin-change transitions have cross sections which 
become very small due to interference effects. 

For transitions not involving a spin change we consider the poten- 
tials V,,,,. We use the expansion 


5 inn Te 
=> Pity) GS (124) 
a > 


be} 
— 


12 


where r< is the smaller of 7,, 7, and r. is the greater. For transitions 
between atomic s states only the A = 0 part of (1/7,.) contributes, and 
it may then be shown that V,,. goes to zero exponentially for large r. 
For these transitions one has the selection rule (for the colliding electron) 
l' = 1. At low energies the partial wave expansions converge rapidly, 
as for the spin-change case, but interference effects are usually less 
serious. At higher energies the Born approximation may be used. In the 
high-energy limit the cross sections behave as (1/W). 

The A= 1 part of (1/r,,), which may be written (r, ° r,/r2.), contri- 
butes only to optically allowed transitions. For the colliding electron, 
l’ =1]+ 1. The asymptotic form of V,,. is 


Veariie,) mv fe Kelele), (125) 
at : 


This interaction, behaving as (1/r?), has a range which is longer than 
that of any other interaction for a 4 a’. The long-range part is particul- 
arly important when the dipole matrix element, (a |r, | a’), is large. 
In general, many values of /, /’ contribute to optically allowed transitions 
and this makes calculations easier. Simple approximations may be used 
for the larger values of J, l’. Another consequence of the long-range 
interaction is that the high-energy cross sections behave as (1/W) log W: 
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Figure 8 illustrates the convergence of partial wave expansions for 
H \s — 2s and 1s — 2p, the latter being optically allowed. 
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Fic. 8. Partial cross sections for H 1s — 2s and 1s + 2p; Q(L)/Q, in the Born approxi- 
mation, against total angular momentum L for k? = 0.06, 0.69, and 3.25. For ls > 29, 
zero angular momentum for the scattered electron (J; = 0) occurs only with L = 1; 
this contribution therefore dominates at low energies. L = 0 gives small but finite 
contributions. 


For transitions with quadrupole moments (such as s — d or p — p 
transitions with no spin change) the A = 2 terms in (124) contribute and 
Viq then behaves as (1/r°) for large r. The high-energy cross sections 
behave as (1/W). 

To obtain accurate results for neutral atom cross sections very close 
to thresholds, it is necessary to make rather elaborate calculations for the 
one or two angular momenta giving the dominant contributions. For 
Positive ions accurate threshold results are easier to obtain. Even at 
threshold all angular momenta give finite contributions, and it often 
happens—at least when there is no spin change—that the dominant 
contributions come from values of / sufficiently large for simple approxi- 


mations to be used. 


4 Calculated and Measured Cross Sections 


4.1 ‘TRANSITIONS IN HYDROGEN 


4.1.1 The 1s—> 2p Transition 


Cross sections have been measured by Fite and Brackmann (1958) and, 
at low energies, by Fite and associates (1959). The low-energy work 
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gave a cross section Q, obtained on counting photons emitted perpen- 
dicular to the electron beam and assuming an isotropic photon distribu- 
tion.t According to (81), 


Q=(1—3P)Q, (126) 


where P is the polarization fraction. On using the theory of Percival 


and Seaton (1958) for P, 
Q, = 0.9180 + 0.2460, (127) 


where 


Qo = Q(Is—> 2p m, = 0). 


The results of Fig. 9 for energies up to 54.4 ev show that the Born 
approximation gives a cross section Q, which is a good deal too large. 
The exchange distorted wave method (Khashaba and Massey, 1958) 
gives some reduction but still gives a result considerably larger than that 
obtained experimentally. The coupling is not strong and the EDW 
method should give a good approximation to the results which would be 


2 
‘° 


Qy (Is—2p) in wa; 
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Fic. 9. Cross sections Q , (1s — 2p). Full line curve, experimental (Fite et al., 1959); 
---, first Born approximation using methods BI and BII (Burke and Seaton, 1961); 
ieee EDW approximation (Khashaba and Massey, 1958). 


t The experimental results have been shown in Fig. 3. 
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obtained from exact solutions of the 1s — 2p coupled exchange equations. 
For all but the lowest energies the dominant contributions come from 
large values of L, for which the EDW method gives results not differing 
significantly from those obtained in the Born approximation. 

Lawson et al. (1961) have calculated the Born R-matrix, Rgz, for 
1s, 2s, and 2p. They find that the elements connecting 2s and 2p are 
sufficiently large to make this coupling of importance for the calculation 
of the 1s — 2p cross section and since the 2s — 2p interaction is of long 
range, it can have an important effect even for large values of L. Burke 
and Seaton (1961) calculate the S-matrix in two ways: Sp; = 1 + 2i/R, 
and Sg y = (1 + 7Rg)/(1 — 7Rg) (see § 3.6). Method BI is the usual 
first Born approximation. The main difference between Q(1s — 2p) 
calculated by these two methods comes from allowing for 2s — 2p 
coupling. The effect is to reduce Q and to give improved agreement 
with experiment. Further improvement would be expected in an appro- 
ximation which allowed both for distortion and exchange and for 
2s — 2p coupling. 

At the lower energies we obtain a cross section Q on multiplying the 
measured Q, by (Q/Q_,) as calculated in method B II; this factor never’ 
differs from unity by more than 16%. At higher energies Fite and 
Brackmann obtained Q using measurements of the angular distribution 
of the Ly-a radiation. Figure 10 shows the exeprimental results and the 
Born curve over an extended energy range. 








le) 50 100 150 200 250 
ev 


Fig. 10. The cross section for H 1s — 2p. Full line curve, experimental; dashed 
Curve, Born approximation. 
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4.1.2 Ionization 


The measured cross section has been compared with classical theory 
in § 1 and, for low energies, has been compared with the Born approxima- 
tion in § 2.10. Figure 11 gives experimental and Born cross sections over 
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ev 


Fic. 11. The cross section for ionization of hydrogen. Full line curve, experimental; 
dashed curve, Born approximation. 


an extended energy range. The comparison is seen to be similar to that 
for 1s» 2p. This would be expected since the main contribution to 
ionization comes from the optically allowed 1s — xp transitions. 


4.1.3. The 1s — 2s transition 


The total cross section, Q(2s), for production of 2s atoms has been 
measured by Lichten and Schultz (1959) and by Stebbings and associates 
(1960). The results obtained have been discussed by Lichten (1961) and 
by Hummer and Seaton (1961). The results of Lichten and Schultz should 
give an accurate curve shape for energies up to 45 ev, but their absolute 
calibration is much more uncertain. Their procedure of normalizing to 
the Born approximation at energies of 30 to 40 ev is not justified. 
Stebbings et al. made absolute measurements for energies up to 700 ev. 
Their published results should be multiplied by a factor of 1.5 (Lichten, 
1961). 
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To obtain the cross section Q(1s — 2s) for direct excitation one must 
subtract from Q,(2s) a cascade cross section Q¢(2s). This is given by 


2 


Q.(2s) = >) x Q(nl) Crr.2s (128) 


n=3 


where C,;,2, is the probability of cascade from ml to 2s. The sum, 
which is dominated by the mp states, may be evaluated using the Born 
approximation. This is a good approximation at high energies; at lower 
energies a correction factor is obtained using the measured 2p cross 
section. Figure 12 shows Q(1s —> 2s) obtained from the measurements of 
Stebbings et al. and also the curve of Lichten and Schultz normalized 
to agree with Stebbings et al. 

Figure 12 shows that the Born approximation gives Q to be too large 
for energies less than 100 ev. The 1s — 2s coupled equations, with 
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Fic. 12. The cross section for H 1s — 2s. The experimental points with error bars 
are from the measurements of Stebbings et al. (1960) and the full line curve from the 
telative measurements of Lichten and Schultz (1959) fitted to the data of Stebbings et al. 
~>-, the first Born approximation; ..., the second Born approximation for various terms 
included in the second Born summation (Kingston et al., 1960); ------, the solution of 
the 1s — 2s exchange equations (Smith, 1960). 
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exchange, have been solved by Marriott (1958) for L = 0 and by Smith 
(1960) for Z = 0, 1, and 2. The cross section obtained* (Fig. 12) is even 
larger than that obtained in the Born approximation. To explain the 
experimental results intermediate states must therefore be taken into 
account. 

The BII calculations of Burke and Seaton (1961) show that 2s — 2p 
coupling reduces the cross section but a better way of calculating the 
effect is provided by the second Born calculations of Kingston et al. 
(1960), who use the method described in § 2.8. In the sum 


fos = far +) fia” (129) 


[see (62)], they include the states a’’ = (ls, 2s), (2p), and (1s, 2s, 2). 
The effect of including (1s, 2s) is to increase Q and the effect of 2p is to 
reduce it (fig. 12). In the final curve, (1s, 2s, 2p), these effects tend to 
cancel. The (Is, 2s) case represents an approximation to the solution 
of the 1s — 2s nonexchange equations. Exact solutions of these equations 
(Smith et al., 1960) show that the second Born approximation over- 
estimates the effect of distortion in increasing Q. In the energy range of 
the second Born calculations (30.6-218 ev) inclusion of exchange in 
these equations would further reduce Q to values not far different from 
those obtained in the first Born approximation. It is therefore not 
surprising that the (ls, 2s, 2p) curve is too high and that the (2p) curve 
gives the best agreement with experiment. 


4.2 ‘TRANSITIONS IN HELIUM 


4.2.1 High energies 


Experimental high-energy work at Ohio (Lassetre et al., 1953; 
Silverman and Lassetre, 1957) is of interest in testing the Born approxi- 
mation. On using 


— Ts 


4 s 
ee es ay, = exp iK “8, (130) 


t At the lowest energies solutions were obtained for L = 0 and 1 only; this should 
not introduce significant error. At the higher energies we have introduced a small correc- 
tion, calculated in the Born approximation, for L > 2. 
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we obtain from (54) 
fa(@’, 2) = — fle lexpiK-rja) (K=k, —k,) (131) 


for a’ # a and hence 


fe I(a—a')=4 





(a’ |expiK - r | a) |}? 
- Se (132) 
When summed over degenerate states this depends only on K = | K | or 
K? = k? + k?, — 2k, cos w. (133) 


This was tested experimentally. For different electron energies in the 
range 400-600 ev the angular distributions were appreciably different 
when plotted against w but all points lay on a single smooth curve when 
(k,/R,-)1 was plotted against K*. The apparatus was calibrated in absolute 
units using a Born cross section for He 1 1S — 21P calculated using 
accurate wave functions. With one adjustable constant it was found 
that, between the observed and calculated values of (k,/k,)J (1 1S — 21P), 
there was a maximum deviation of 6.3% and a mean deviation of 
2.2 %, K? being in the range 0.2-2.0 a. 

The use of approximate He wave functions may lead to cross sections 
being in error by factors of 2 or more (Altshuler, 1952, 1953; Miller and 
Platzman, 1957). From the high-energy work Born total cross sections 


may be deduced. With &,k,.d cos w = — KdK, one has 
og yi __ 8a peatka | (a'|expiK-r|a)? 
Oaa') =F | nay le | Kak. (134) 





The Born cross section at all energies may therefore be deduced from 
experimental angular distributions at high energies. 


4.2.2 The 11S —>31P Transition 


Figure 13 shows the Born cross section calculated from (134) using 
Ohio high-energy data. We include the experimental cross section, 
measured by Thieme (1932) in arbitrary units, fitted to the Born curve 
at high energies and the result of an absolute measurement by Gabriel 
and Heddle (1960) at 108 ev. The Born approximation for He 3 1P 
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appears to be better than that for H 2p. This may be due to weaker 
coupling between excited s and p states in He, a result of the removal of 
l-degeneracy. 


2 
fo} 


Qin wa 
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Fic. 13. Cross sections for He 14S — 3!P. The dashed curve is the Born approxima- 
tion calculated using experimental high-energy data. The full line curve is obtained from 
the measurements of Thieme (1932) fitted to the Born approximation at high energies. 
The point at 108 ev is from the absolute measurements of Gabriel and Heddle (1960). 


4.2.3. 11S —n1S Transitions 


The Born approximation for Hen1S is also better than that for 
H 2s. In Table I Born cross sections calculated by M. Fox (unpublished), 
using reasonably accurate wave functions, are compared with those 


measured by Gabriel and Heddle (1960) att 108 ev. 


TABLE I 
Cross SECTIONS FOR HE 11S —7'S at 108 Ev? 








n 3 4 5 6 
Experiment 33 18.4 8.0 4.5 
Q 
Born 49 18.6 9.2 5.3 





2Units 10-3 za}. 


t+ Taking the significant energy parameter to be (W/4E), the He results at 108 ev should 
be compared with H results at about 50 ev. 
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4.2.4 The 11S—» 31D Transition 


For this transition the Born approximation seems to be much poorer. 
At 108 ev Fox obtains Q = 0.8 x 10-°aj in the Born approximation 
compared with 2.7 x 10-$ zag measured by Gabriel and Heddle. The 
discrepancy is unlikely to be due to errors in the He wave functions 
and BII calculations show that the coupling between 3 ?D and 3 }P is 
not important. 


4.2.5 The 11S—+21S and 23S Transitions 


The cross sections have sharp peaks within 1 ev of their thresholds. 
For 23S, Fig. 14 shows the experimental 
results of Schulz and Fox (1957) and the 
results of EDW calculations by Massey 006 
and Moiseiwitsch (1954). The effect of ex- 
change distortion is to bring about a large 
reduction in the magnitude of the cross section 
and to introduce the low energy peak. The 
agreement with experiment, although not 
perfect, is a remarkable success for the EDW 
method. f°) 


4 
\ 





3 
2 


Q in wa 


fl : 20 2! 
A similar calculation for 21S does not ev 
give a peak although one is obtained ex- 
perimentally. Massey and Mboiseiwitsch _ Fis. 14. Cross sections 


. ° . . 1 — 23 Ns i 
consider that a peak might be obtained if f°" Me 1S ~ 2'S. Full line 
curve, experimental (Schulz 


allowance were made for coupling between and Fox, 1957); dashed curve, 


21S and 2 3S. calculated by the EDW 
method (Massey and Moisei- 
4.2.6 The 21S —+>23S Transition wreeen, ee 


The cross section has been calculated by Marriott (1957) on solving 
the coupled exchange equations. A mean value of Q(21S — 23S) has 
been measured by arses (1955) for electrons at 300°K. The sxpetimenial 
value is 0 = 300 7a? compared with the theoretical value of 0 = 60 za. 
The discrepancy may be due to the use of a poor 21 wave function 
uiesions and Seaton, 1957) or may be due to coupling with 2 !P and 

P. 


4.2.7. The 11S —»23P Transition 


The cross section has been calculated by Massey and Moiseiwitsch 
(1960) using the EDW method. Exchange distortion produces a con- 
Siderable reduction but the calculated cross section is still a good deal 
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larger than the best estimates from experimental data. Coupling with the 
other n = 2 states may be particularly important at low energies where 
only one or two partial waves contribute. 
4.3. SrRoNG CoUuPLING IN OPTICALLY ALLOWED ‘TRANSITIONS 

Equation (125) shows that, for an optically allowed transition, the 
asymptotic form of the interaction potential is proportional to the 
dipole matrix element. The oscillator strength, f(a’, a), therefore provides 


a measure of the coupling strength. We consider transitions with f of 
order unity. On putting 


Q =2, 00), (135) 
the conservation condition gives 
OL) <F (2L + 1). (136) 


When the coupling is strong, Og ,(L) violates (136) for small LZ. One 
may obtain a value Ly of L such that 


Op (Ly) = 4°35 (2L9 + 1). (137) 


An improved approximation will be 


5 el 
O(L) = 3 Pe (2L + 1) for L<lLy 
Qp (L) for L>Ly. (138) 


In the limit of large L the calculation of Qg ;(L) may be simplified on 
replacing the potential by its asymptotic form. This gives the Bethe, or 
B’, approximation. It is discussed further in § 5. When L, is sufficiently 
large the difference between Qg,(L) and Qg.,(L) will be small for 
L >L, and one may then use Q, (LZ) in (137) and (138) (Seaton, 
1955). Similar results are obtained if one uses approximation B’ II 
(cf. § 3.6) for all values of L. This is the method to be preferred when 
there are competing strong-coupling processes (Seaton, 1961). For 
collisions with positive ions one may use the approximations CB, CB’ 
in which Coulomb waves replace plane waves. 
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Figure 15 shows some results for Na 3s—> 3p. The experimental 
cross section is obtained from the relative measurements of Haft (1933) 
fitted to the absolute measurements of Christoph (1935) as corrected by 
Bates et al. (1950). The failure of the BI approximation at low energies 
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Fic. 15. Cross sections for Na 3s > 3p. Full line, curve, experimental (see text); 
---, Born approximation (BI); ----- , Bethe approximation using methods B’I and 
B’ II (Salmona and Seaton, 1961). 


is largely due to violations of the conservation condition. The cross 
section Qg.; is much too large due to a gross overestimation of the 
contributions from smaller values of L, but Og. 1, is in closer agreement 
with experiment. 

Van Regemorter (1960) has calculated cross sections for Ca+ 4s > 4p 
and 3d-— > 4p allowing for close coupling in both transitions. He uses 
methods CBI, CBII, CB’I, and CB’II. For the threshold 4s > 4p 
Cross section he obtains: 


Approximation CBI CBII CB’I CB’ II 
O(4s > 4p) in 7a? 126.5 58.2 354.5 63.8 


It is seen that Ocg 1 is only a little larger than Oc. 11. 


414 M. J. SEATON 


5 Collisional Excitation Treated as a Radiative Process 


Approximate cross-section estimates are required in many physical 
and astrophysical problems. We seek to obtain such estimates for optic- 
ally allowed transitions. 

In the distorted wave expression, 


Oe) = a Ff Los Moe Pe, (139) 


where w, is the statistical weight of level 7, we replace V;, by its asymp- 
totic form (125) to obtain 


Oi) = Za: Z| (ss |S 








k,) [aks sie l) (140) 


This has the interpretation that, due to the field of the atomic electron, the 
colliding electron emits a photon which is subsequently absorbed by 
the atom in the 7» j transition; (k; | r/r? | k,) is the dipole acceleration 
matrix element for emission of a photon in a free-free transition and 
(j | r | 2) is the dipole length atomic matrix element. On introducing the 
Kramers-Gaunt g-factor defined by 








| (es | S|) Fes = ss ets ki) (141) 
and the oscillator strength defined by 
l tein ft) 
Jo, IF) P= aoe (142) 


where E,, E; are in atomic units (27.20 ev), we have 





pp Se PO ae a. 
OD Boe ie wh (143) 


Similarly, for ionization, 


: 2 eT a(E,) g(k, R;) 
Qion(t) = Ba Va i “Gi Ey dE, (144) 


where $4? =I + $k? + E, and where I is the ionization potential, 
E,, is the ejected electron energy, a(Z,,) the photoionization cross section 
and a(~ 1/137) is the fine structure constant. 
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On evaluating (141) using plane waves, 
v3 hank, 
go be 
This gives the Bethe approximation; an alternative derivation is to 
replace exp (7K r) by (1 +7K~r) in the Born approximation. On 


(145) 


For references to the 


= (Ait k;)/| k, 7s k, |. 


10dio (x) 


, defined by (146), against logi»x where x 


g 
experimental cross sections see § 4. 


Fic. 16. 
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evaluating (141) using Coulomb waves one obtains g ~ 1 at low energies 
and the expression (145) at high energies (Grant, 1958). 

As they stand, expressions (143) and (144) give only very crude esti- 
mates. Attempts to improve them have usually been concerned with 
introducing cut-off factors in the integrations. Our approach is more 
empirical. Assuming Q to be known we define an effective Gaunt factor, 
&, by 

a. ei ees 

MDB Te omy Ben. (146) 
Figure 16 shows values of g against x = (k,; + k,)/| k; — k; | as obtained 
from the experimental cross sections: H, 1s 2p; He, 11S — 3 !P; 
Na, 3s — 3p (see § 4). Similar curves are obtained for these three cases 
despite the fact that the maximum cross sections range over three orders 
of magnitude (maximum values of 0.72 for H, 0.042 for He, and 53 for 
Na, all in zag). The curves of Fig. 16 could be used to estimate cross 
sections for other optically allowed transitions in neutral atoms and 
would probably give results correct to a factor of 2. 

For near-threshold collisional ionization, 





; 2 oki — 1). 

Qion(?) ~ ie yao) EA) &, (147) 
a(0) being the threshold photoionization cross section. Table II gives 
values of g obtained using experimental cross sectionst for neutral 
atoms and CB calculations for hydrogenic ions. The anomaly for Ne 
noted in §1 is now cleared up; the cross section for near-threshold 
collisional ionization is small because the threshold photoionization 
cross section is small. 


TABLE II 


VALUES OF g FOR NEAR-THRESHOLD IONIZATION 











Neutral atoms Hydrogenic ions 
Atom gz Z g 
H 0.099 2 0.23 
He 0.046 3 0.26 
Ne 0.070 0 0.31 
Ar 0.064 





t References for the neutral atom cross sections are given in §1. For the photo- 
ionization cross sections see Burgess and Seaton (1960) and Lee and Weissler (1953, 
1955) and for the CB calculations see Burgess (1960). 
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For positive ion excitation @ is finite at threshold. Table ITI gives some 
threshold values calculated for Cat and Mg* by Van Regemorter (1960 
and further unpublished material) and for hydrogenic ions by Burgess 
(1961). Close to threshold, g for positive ions varies slowly with 
energy. The approximation of taking g~ 0.2 should give nearthreshold 

ositive ion excitation cross section estimates generally correct to within 
a factor of 2. At higher energies, the behavior of g for positive ions is 
similar to that for neutral atoms. 











TABLE III 
P 
Ion Transition (£; — E,) fe CBI CBII 
Cat 4s — 4p 0.116 1.19 0.39 0.18 
3d — 4p 0.053 0.10 0.75 0.46 
id — 4 0.248 0.29 0.08 = 
Mgt 3s — 3p 0.163 0.91 0.45 0.31 
| Rw Ay ee 1.500 0.42 0.16 = 
HysOgene |S ts ty — Ob 0.3752? 0.42 0.21 = 


Distorted wave calculations have been carried out by Vainshtein 
(1960) for a large number of transitions in neutral atoms and positive 
ions. For many transitions in neutral atoms the effect of distortion is 
to increase the cross sections (see § 3.6) and hence to give a discrepancy 
with experiment greater than that obtained using the first Born approxi- 
mation. 

The results of Vainshtein confirm our statement that taking g = 0.2 
gives near-threshold positive ion cross sections correct to within a 
factor of 2. 
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APPENDIX 
We consider 


[ Poet) Fle ie) dB me PA (ae) (148) 


rT 
where 
Ey, = $x, «2 + Rk = 2 + R?, 


Fla!) ~ f(x’) SPB, (149) 
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and where V,,. is defined by (40). Considering only the A = 0 term in 
(124), 


Vee(t) =f (<7) Plea) Pets) dr (150) 
where (§ 2.4) 
P(r) ~, (2,)" sin (xr, + 7). (151) 


Owing to interference, V,,. is small for 7 large and « ~ x’. For 
Km’, k' ~k + (k/k) (x — x’) and, for 7 large, 


F(' |r)  F(«|r) exp i(«/R) (kK — &’)r. (152) 
Therefore 


B(x, k) = 7 | Ver) exp [i(/h) ( — x’)r] dE, (153) 


evaluated in the limit of 7 large. On using 


1 


mK’ yt? 


Pry) Pelt) ~ 


x {cos [(« — «’)ry + 7 — 7] —cos[(k + «')ry +4 4+ n'} (154) 


we have, for kx ~«’, 








Lf? 1 1 j 
Veg aa i — —) cos (k — x’)r, dr, (155) 
and, integrating by parts, 
* 1 sin(k — k’)n 1 
Veg ~a) a Ete ey an 5 Be Ee) (156) 
where 
_ — ( sin (Kk — «’)ry 
ME, — Ey) = lim | ay (157) 
Expression (153) may now be evaluated using 
sin t 1 for [pl <1 
_ exp (pt) dt=}y ei SL. (158) 


One obtains (79). 
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1 Introduction 


Concurrent with the appearance of new needs for information on 
inelastic collision processes, advances in laboratory technique have 
provided the capability to obtain much of the required data. Improve- 
ments in vacuum technique, electronic circuitry, and electron multi- 
plication devices have enabled making superior measurements using 
previously established experimental designs; and the introduction of 
experimental methods new to atomic collision physics, such as modula- 
tion techniques and optical pumping, has made possible the study of a 
number of collision phenomena previously inaccessible to measurement. 
Of course, notwithstanding the application of improved and new 
experimental techniques, the basic operational definitions of cross 
Sections for excitation and ionization have remained unaltered, and the 
large majority of experiments has continued to be designed about the 
equation 
dS = nQidx (1) 
where n is the number density of “target particles,” Q is the cross 
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section for the particular process under study, 7 is the current of the 
bombarding particles, dx is the distance traversed by the bombarding 
particles through the target particles, and dS is a signal which is 
characteristic of the ionization or excitation process. While the foregoing 
equation defines the absolute cross section, the practical difficulties of 
making absolute measurements remain quite severe. The problem of 
determination of mass-spectrometer collection efficiency in ionization 
studies and the problem of accurate calibration of photon and metastable 
atom detectors in excitation experiments has caused most of the recent 
electron-impact studies to concentrate on relative cross-section measure- 
ments and excitation functions. Where absolute values have been required, 
the recent general pattern has been to compare an unknown cross section 
with one whose absolute value has been determined previously (and 
usually in the 1930’s) and so derive an absolute value for the cross 
section to be determined. This practice emphasizes the need for more 
precise remeasurement of certain cross sections for use as standards. 

In the case of ion-impact experimentation on inelastic collisions, the 
situation is somewhat different, for here most of the recent experiments 
have been designed to determine absolute cross-section values directly. 
In part this has been done to provide a body of absolute cross sections, 
such as already exists in part for electron-impact collision phenomena, 
which can be used as standards for further comparison experiments. 
Perhaps a stronger reason, however, is that for controlled thermonuclear 
research it is essential to know absolute cross-section values for processes 
operative in a number of experimental devices. 

This chapter will be concerned with some recent developments in the 
measurement of collisional excitation and ionization cross sections, and 
interpretation of results will be greatly subordinated to the discussion 
of experimental techniques. 


2 Electron Impact Studies 


2.1 IONIZATION 


In studies of ionization, the most characteristic signal for detection 
is the current of positive ions produced in an electron-atom or electron 
molecule collision. Two methods of ion current detection have been 
employed and continue to form the basis of ionization experimentation. 
The first measures total ion current, irrespective of the mass or charge 
of the ion. The apparent cross section Q’ for this type of detection is 
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given by O’ = Q, + 20, + 3Q; + ..., where Q,, is the sum of the cross 
sections for all processes leading to ions which are n-times ionized, 
j.e., irrespective of the final ion state. While lack of knowledge of the 
ions formed is a disadvantage, the fact that in nondiscriminating detectors 
ions may be collected with 100% efficiency lends to such detectors the 
excellent property that absolute measurements of Q’ may be made 
easily. 

The more commonly used detector for ionization cross-section 
measurements is the mass spectrometer with which determination of 
the cross section for production of ions with a given charge-to-mass 
ratio may be made. A severe disadvantage with the mass spectrometer 
is that measurement of absolute currents of ions formed in the ionizer 
is quite difficult to make, for the collection efficiency of the particular 
instrument for the particular ion under study must be known accurately. 
As a result, most recent mass-spectrometer studies of ionization have 
been content with obtaining only relative cross-section curves. 

However, this type of relative data is important for investigating two 
aspects of ionization phenomena which have been of considerable recent 
interest. The first is the electronic state in which an ion is left after its 
formation and the second is the energy dependence of ionization cross 
sections just above threshold, a subject on which several recent theore- 
tical developments have occurred. 

Both of these aspects entail the measurement of relative cross sections 
for ionization just above threshold, and the principal advances over the 
earlier threshold ionization work of Lawrence (1926) and Nottingham 
(1939) have come about as a result of improved energy resolution of 
ionizing electron beams. 


2.1.1 Techniques 


Energy Resolution Techniques. The first method recently developed to 
obtain improved information on ionization in the near-threshold energy 
region is the retarding potential difference method (RPD) described by 
Fox and associates (1951). Figure 1 illustrates the mass-spectrometer 
ion source which they devised and shows the essential features of the 
RPD method. Electrons emitted from the filament are accelerated into 
the grounded ionization enclosure, 5, by the potential V,. These electrons 
would normally have a distribution of energies as indicated by the dashed 
Curve near the filament. If electrode 4 is interposed and is placed at a 
Negative potential, Vp, with respect to the filament, the less energetic 
electrons in the distribution will be prevented from reaching the ioniza- 
tion region while the electrons with kinetic energy in the direction 


424 WADE L. FITE 


toward the enclosure 5 greater than eV, will not be stopped by elec. 
trode 4. The energy distribution of electrons actually entering the 
ionization enclosure will be as illustrated by the distribution curve 
inside 5 on the figure; i.e., it will be cut off sharply. If now the potential 





Siig 


Fic. 1. The elements of the retarding potential difference method of Fox et al. 
(1951). See text for description of the use of the RPD method for production of electron 
beams of very narrow effective energy spread. 


V, is changed by a small amount from V4, to V,,,, the retarding potential 
will change by an amount 4Vp = Vyy — Vy,, and the distribution 
cutoff will change so as to permit electrons in the energy range e4Vp 
to reach the ionization enclosure. The increase in observed ion current 
can then be attributed to the increase in electron current which arises 
from the inclusion of electrons with the very narrow energy spread 
eAVe. A longitudinal magnetic field is used to collimate the electrons. 
If the aperture in electrode 4 is made small compared to the Larmor 
radius of the electrons, then those electrons with appreciable velocity 
components transverse to the magnetic field will be excluded by 4 
mechanical as well as an electrical barrier. As a result, the only electrons 
eligible to reach enclosure 5 are those whose initial directions of motion 
are very nearly parallel to the axis of the ionizer. 

Since Fox e¢ al. used a mass spectrometer as the ion detector, it was 
necessary to apply an electric field to extract the ions from the ionizing 
enclosure. To avoid the generation of an electron energy spread by 
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the extraction field, Fox et al. adopted a pulsing technique in which a 
pulse AV of short time duration was first applied to the gun at a time 
when no extraction field existed in the ionizing enclosure. Only after 
the ionization had been completed was a pulse of ion extraction field 
applied. Under these conditions the maximum energy spread of the 
effective electron beam was 0.06 ev and the kinetic energy of the electrons 
was known to a precision of 0.1 ev, after proper consideration of contact 
potentials (Fox et al., 1953). 

A second and more straightforward approach to the problem of 
electron energy resolution is through the production of monoenergetic 
electron beams by electrostatic energy analysis. Both Yarnold and 
Bolton (1949) and Harrower (1955) have examined the properties of a 
parallel-plate electrostatic energy analyzer, which provides direction 
focusing but not energy focusing when charged particles are admitted 
between the plates at an angle of 45°. This type of analyzer has recently 
been employed by Foner and Nall (1961) for the study of threshold 
ionization. 

Clarke (1954) also used an electrostatic electron energy selector in 
his mass spectrometric studies of threshold ionization. His device was 
a 127° sector of a cylindrical condenser of the type described by Hughes 
and Rojansky (1929) and used in the precision mass spectrograph of 
Bainbridge and Jordan (1936). The electron analyzer of Clarke was 
capable of producing beams with an energy spread of down to 0.2 ev. 

Further development of the 127° sector electrostatic electron selector 
to reduce space charge effects has been carried on by Marmet and 
Kerwin (1960). By substituting curved tungsten mesh grids for the 
curved plates of Clarke’s selector, reflection of electrons at these plates 
was reduced and therefore electron space charge within the analyzer 
proper also. In order to reduce space charge in the ionization chamber 
arising from the reflection of electrons at the chamber walls, Marmet 
and Kerwin replaced the normally solid walls with a surface of very 
small and finely packed gold-plated copper tubes viewed end-on by an 
electron. Their method of manufacture of this wall material, to which 
the appropriate name “electron velvet’? has been applied, is described 
in their article. With the improved electron selector and ionization 
chamber Marmet and Kerwin have produced electron beams with an 
energy spread measured at the half-height of the distribution of 0.04 ev. 


Measurements of Derivatives of Cross-Section Curves. Both the RPD 
method and the electrostatic analyzer method have made it possible to 
€xamine fine details in ionization cross section curves. Yet another 
method has been used to study structure in ionization cross section 
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curves which relies not upon measuring the cross section with very fine 
energy resolution but rather by directly measuring derivatives of the 
ionization cross section curve. 

This work has been carried out by Morrison (1954) who used a 
type of modulation technique. Electrons from a conventional ionizer 
are accelerated by a voltage V, + v sin wt, where Vy is the mean electron 
energy and wv is the amplitude of a very small superposed voltage at 
the modulation angular frequency w. It may be shown that if such an 
energy-modulated beam is used in a mass-spectrometer ion source, 
then the ion current will also be modulated, at frequencies which are 
harmonics of the electron energy modulation frequency. The amplitude, 
A,,, of the mth harmonic of the ion current is, in the first approximation, 
proportional to the mth derivative of the ionization cross section with 
respect to electron energy, averaged over the distribution of energies 
in the electron beam. By examination of the second harmonic, Morrison 
studied the changes in slope of ionization cross section curves without 
reference to the curves themselves. This technique is quite attractive 
since it considerably eases the problem of stability of experimental 
parameters which must always be a prime concern for reproducibility 
of results in experiments studying the ionization cross section curve 
itself. 


Modulated-Crossed-Beam Techniques. Complementing the development 
of the foregoing techniques for examination of the fine structure in 
collision cross section curves, the past few years has also witnessed 
the advent of modulated-crossed-beam experiments for cross-section 
measurement. The principal advantage of such experimental techniques 
in ionization studies is the fact that they can be applied to chemically 
unstable atomic and molecular systems as well as to systems which 
are chemically stable. Among the earliest applications of these techniques 
were the measurement of the cross section for electron impact ionization 
of H, (Boyd and Green, 1958) and for ionization of the free hydrogen 
atom (Fite and Brackmann, 1958a). Indeed, a major incentive to the 
development of modulated-crossed-beam experimentation was the need 
to measure the hydrogen atom ionization cross section. 

The logical development of these techniques, framed in terms of the 
H atom ionization cross-section measurement, begins by recognizing 
that conventional methods of studying this process would be difficult 
because of the requirement that the gas must be kept dissociated by 
means which would not interfere with the electrical measurement of the 
ionization currents. An obvious way to circumvent these difficulties is 
to dissociate the gas in a suitable atomic beam source (either a gas 
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discharge or a hot (3000°K) low-pressure furnace, where thermal 
dissociation occurs), permit a beam of atoms to flow into high vacuum, 
and then cross the atom beam by an electron beam some distance 
downstream from the atom source. Ions produced in the volume of 
intersection of the two beams can then be detected either by a mass 
spectrometer or by a current detector which does not discriminate 
according to ion mass. While the number density of atoms in a highly 
dissociated beam is small (~ 10®® atoms/cm’) and ion currents are 
consequently also quite small, they can be measured by sensitive 
current measuring devices now commonly available. 

The difficulty of a crossed-beam experiment arises from the fact that 
electrons also produce ions in collisions with the residual gases in the 
vacuum chamber into which the atom beam is admitted. A pressure of 
2 x 10-7 mm Hg corresponds to a number density of about 10!° mole- 
cules per cm’, and since much of this residual gas will be H and H,, 
it is clear that in a normal dc beam experiment considerable difficulty 
will be encountered in distinguishing ions formed at the intersection 
of the two beams from those formed in the background gas in the 
vacuum. While this would not be a severe difficulty if the background 
gas pressure were steady (say to within 1% or better), pressure drifts 
and fluctuations arising from unsteady operation of diffusion pumps 
would seem to make dc experiments and subtractive procedures un- 
attractive. 

It is a property of vacuum systems which restores the feasibility of 
crossed-beam experiments. Every vacuum system possesses a character- 
istic time constant, which is equal to the volume of the system divided 
by the speed of the pumps of the system. As a result, the vacuum system 
itself will integrate pressure fluctuations in a manner completely analogous 
to integration by an RC electrical network, with the integration improving 
with increasing frequency. It is thus clear that a crossed-beam experi- 
ment which is done de, i.e., where the dc signals with the atom beam 
crossing and not crossing the electron beam are subtracted, is inferior 
to an experiment in which the atom beam is interrupted periodically 
at a sufficiently high frequency that the background gas fluctuations at 
that frequency are smoothed out by the vacuum system. Under circum- 
Stances where the ionizing electron beam is run dc, those ions formed 
by the intersecting beams occur at the atom beam modulation frequency 
and in a specified phase, while background gas effects are dc ion currents 
Subject to very little more than the unexludable shot effect noise. 
Rudimentary electronics permit ready separation of the two types of 
10n signals. 

A block diagram of the experiment of Fite and Brackmann is shown 
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in Fig. 2. The hydrogen atoms were produced by thermal dissociation 
in a tungsten oven located in the first of three differentially pumped 
vacuum chambers. The beam was first collimated by a slit in the wal] 
separating the first and second vacuum chambers. A rotating toothed 
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chopper wheel interrupted the beam at a frequency of 100 cps, and it 
was this modulated beam which proceded through a second collimating 
slit in the wall between the second and third vacuum chambers, after 
which it was crossed by the dc electron beam. The ions formed by the 
intersection of the two beams were magnetically analyzed. 

The analyzed ion currents were converted to voltage signals by JR 
drop at the input of a preamplifier, the principal purposes of which 
were to separate the ac and dc ion signals and to change the ac impedance 
down to a sufficiently low value that the signal could be taken from the 
vacuum chamber without excessive signal losses due to stray capacity 
effects. The ac signal then was passed through a tuned amplifier and 
into a phase-sensitive detector whose reference signal was taken directly 
from the chopper wheel by means of a light-and-photocell monitor. 
An oscilloscope monitored the detected and rectified ion signal for 
proper phasing before integration and display on a dc recorder. 

While it is clear that relative cross sections may be readily taken in 
this experimental configuration from measuring the signal per unit 
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jonizing electron current as a function of electron energy, it is also 

ossible to obtain absolute cross section values. By maintaining a 
constant mass flow in the neutral beam and by varying the degree of 
dissociation of the beam, observation of both the atomic and molecular 
jon signals can be made to yield a ratio of cross sections for ionization 
of the atoms and of the molecules. Absolute cross sections for the atom 
can then be obtained from this ratio and from the known molecular 
ionization cross section. 


2.1.2 Ionization of Atoms 


Threshold Ionization. The problem which has received most of the 
attention in recent ionization studies has been the behavior of the 
ionization cross section near threshold. Not only has the structure in 
ionization efficiency curves been of concern, but also added incentive 
to threshold ionization studies has been given by two recent theoretical 
developments. First, Wannier (1953) developed a theory for single 
ionization which predicted that near threshold the cross section should 
increase as the 1.127th power of the electron energy in excess of the 
threshold energy. Geltman (1956), using a modified Born approxima- 
tion argument, developed an alternate theory which gave the general 
prediction that near threshold the cross section should increase as the 
nth power of the excess energy, where me is the charge on the resulting 
ion. The energy range over which these threshold laws should apply 
was not specified. 

Turning first to the question of the dependence of ionization cross 
sections upon excess energy just above threshold, a number of experi- 
ments have now been completed which appear to confirm the threshold 
laws of Geltman. In atomic hydrogen, Fite and Brackmann (1958a) 
found a linear threshold law for 5 or 6 ev above threshold, although the 
experimental value of the slope (0.078 zag/ev) was somewhat higher 
than the value predicted by Geltman when he considered only the 
s-wave component of the incident electrons (0.044 zaj/ev). In studying 
the ionization of helium, Fox (1959) found that in single ionization, a 
linear threshold law was obeyed for at least 5 ev above threshold, and 
that for double ionization the quadratic threshold law was operative 
for about 20 ev.t In further experimental tests, Dibeler and Reese (1959) 
Studied formation of Nat, Natt, and Na®+, for which the respective 
€xcess energy dependences were linear, quadratic, and cubic. 


t It is interesting to note that much of the success of Fox’s double ionization experiment 
May be credited to his use of the mass-3 isotope of helium. By using this isotope, confusion 
between He*+ and H} was completely eliminated. 
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It is pertinent to note that the above-named ions share a common 
feature—the absence of excited states lying near the ion ground state, 
H+ and H+t+ have no electrons and therefore no excited states, and the 
first excited state of Het is some 40 ev above the ground state. For 
both Nat and Na**, the first excited state is some 33 ev above the ground 
state, although for the Na®+ ion the energy gap is considerably less, 
It is, however, the absence of near-lying states which has made these 
ions particularly attractive for the study of the energy dependence of 
ionization cross sections and has given the most clearly defined con- 
firmation of Geltman’s predictions. 

In more complicated ions, the situation has not been as clear. In 
studying single ionization of Kr and Xe, Fox and his collaborators 
(Fox et al., 1953) used the retarding potential difference method and 
found that the ionization cross section curve near threshold could be 
interpreted as consisting of a number of linear segments punctuated by 
rather well-defined breaks. This is illustrated for the case of Xe in 
Fig. 3, in which a break occurs at an excess energy of 1.27 + 0.03 ev. 
It is interesting to note that the first excited state of Xe+ is found from 
spectroscopic studies to be 1.31 ev, which led Fox et al. to interpret 


160 


60 


BS 
{e) 


Ion Current (Arbitrary Units) 
o 
fe) 


i) 
oO 





0 
1.5 12.0 12.5 13.0 13.5 14.0 14.5 
Electron Energy (Volts) Uncorrected 


Fic. 3. Relative cross section for single-ionization of xenon near threshold (Fox 
et al., 1953). The “break” in the curve at 1.27 ev above threshold is identified as the 
onset of production of ions in the ?P,,. state as well as in the *P3,_. ground state. 
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the first segment of the curve in Fig. 3 as corresponding to ionization 
to the ground state of the ion and the second segment as reflecting 
jonization to both the ground state and the first excited state. The 
linear segments are, of course, what would be expected from Geltman’s 
threshold laws. 

In going on to study multiple ionization, Fox (1959) has found that 
data using the RPD method in multiply ionized Xenon could also be 
fitted to straight line segments. This would appear to indicate that 
multiple ionization is more complex than considered in deriving 
Geltman’s threshold laws or else that the RPD method is subject to 
error. That this latter possibility may be the case is indicated from 
recent experiments of Morrison and his collaborators (Morrison and 
Nicholson, 1959; Dorman e¢ al., 1959) and Krauss et al (1959). In 
studying double ionization, Morrison made measurements of the first 
derivative of the ionization curve with respect to excess electron energy 
for formation of Ne++, Art++, and Xe++ and found that in these three 
cases the first derivative was linear with excess energy. This result 
implies a quadratic energy dependence, in conflict with Fox’s inter- 
pretation and in agreement with Geltman’s prediction. Further by 
measuring the zeroth and first derivatives for up to sixfold ionization 
in xenon, Morrison and his collaborators concluded that Geltman’s 
threshold laws held true for up to at least fourfold ionization and 
probably up to sixfold ionization as well. It must be noted, however, 
that the relatively large electron energy spread in these experiments 
may have obscured some detail in the cross-section curve and its deriva- 
tives. Krauss et al., using more conventional mass spectrometric tech- 
niques without a monoenergetic electron beam, also obtained data 
indicating that n-fold ionization occurs with an n-power threshold 
ionization law in the inert gases. 

A second source of complication has arisen in connection with threshold 
ionization and the interpretation which Fox et al. (1953) used in connec- 
tion with their experiments on Xet, holding that structure in the 
ionization efficiency curves corresponded to the formation of ions in 
excited states. In studying ionization to form Krt, the same authors 
found that the break between the linear segments corresponding to 
ionization to the ground and first excited states of Kr+ was not as distinct 
as in the case of Xe+. Figure 4 shows their experimental results. While 
for a very short range above threshold a linear segment appears to be 
formed, a rather large transition region occurs before the well-established 
Second linear segment is formed. Extrapolation of the second segment 
back to the base line gives an apparent threshold for the second process 
at 0.66 + 0.01 ev above the ground state ion threshold which is in 
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good agreement with the spectroscopic value for the first excited ion 
state of 0.666 ev. Subtraction of the observed ion signals from those 
expected from only the two linear segments gives ion contribution 
which must be ascribed to processes in addition to those which their 
early data in Xe+ formation required. 


180 






160 
Krypton 
140 
120 
100 


80 


60 


Ion Current (Arbitrary Units) 


40 








EE Seri | 1 
14.0 14.5 15.0 15.5 16.0 


1Or pores ® 
wl 1 want Sek fies [ren ms 
14.0 14.5 15.0 15.5 16.0 
Electron Energy (Volts) Uncorrected 





Fic. 4. Relative cross section curve for single-ionization of Krypton near threshold 
(Fox et al., 1953) and its analysis. Curve @ is a typical experimental curve (where 
probable error is indicated by the height of the data points), curve (2) is the straight line 
extrapolation of curve CD, curve 6 is obtained by subtracting curve Q) from curve (1), 
and curve 4) is the curve obtained by subtracting the linear portion of curve (8) and its 
extrapolation, from curve @). 


Fox et al. suggest that a possible additional process is autoionization 
such as was proposed by White (1931), in which the atom is first excited 
to a discrete state which is energetically higher than required for 
producing a ground state ion, after which a radiationless transition occurs 
in which the energy is carried off by an atomic electron, leaving thé 
ground state ion. 
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Whether this is a correct interpretation remains to be seen. That 
some such process may be occurring even in the relatively clear case 
of Xet is suggested by the experiments of Clarke (1954) and a very 
recent experiment of Foner and Nall (1961). Clarke, using his 127° 
electron energy selector, observed a cross-section curve which consisted 
of linear segments but with a break at about 0.8 ev, considerably below 
the first break observed by Fox et al.; and the appearance of a small 
break at 0.70 ev in the data of Foner and Nall seems to confirm the 
structure detected by Clarke at an energy intermediate between the 
threshold for formation of the two lowest-state ions. Foner and Nall 
also find that identification of breaks with spectroscopic energy levels 
is not as simple as the early work of Fox et al. indicated. 

Considerably more confusion accrues to the area of threshold ioniza- 
tion of atoms from the fact that very poor agreement is found between 
investigators on the relative probabilities of ionization into different 
ion states, as indicated by the sharpness of breaks in the threshold curves. 

At the present time there are many features of threshold ionization 
which remain unclarified. While it would appear that the threshold 
laws of Geltman seem unequivocally confirmed for those few ions 
investigated which do not possess low-lying excited states, the situation 
for more complicated ions seems in doubt. Not only is there experimental 
conflict of results, but the full consideration of processes such as auto- 
ionization and Auger transitions caused by ionization of inner shell 
electrons (Burhop, 1952) has yet to be made. In addition, it seems possible 
that an evaporation model of ionization, such as has been proposed by 
Russek and Thomas (1958, 1959) for ion-impact ionization phenomena, 
may be of value for electron-impact ionization as well. 


Ionization of Chemically Unstable Atoms. The free hydrogen atom has, 
for many years, been a major subject for theoretical studies of atomic 
collision phenomena. The fact that its wave functions are not only 
completely and exactly known, but are also of simple analytical form, 
makes it particularly attractive for theoretical studies. However, cross- 
section predictions even for this simple atom are subject to the uncer- 
tainty which arises from inherent deficiencies of the scattering approxi- 
Mations used in any given theoretical treatment. Indeed, a major aim 
of recent experiments on atomic hydrogen collisions has been to ascertain 
the ranges of validity of a number of scattering approximations by 
Comparing experimental cross sections with predicted values derived 
using the approximations. 

In studying ionization of ground state atomic hydrogen, the principal 
aim of Fite and Brackmann (1958a) was to obtain experimental informa- 
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tion on the first Born approximation. They used a modulated-crossed- 
beam experiment, the schematic for which is shown in Fig. 2 and 
measured the ratio of ionization cross sections of H and H,. By using 
their measured ratios and the absolute values for the cross section for 
ionization of H, obtained by Tate and Smith (1932), absolute values 
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Fic. 5. Cross section for ionization of atomic hydrogen compared with the Born 
approximation predictions and the cross section for ionization of H, (Fite and Brackmann, 


1958a). 


for the cross section of H were obtained at a number of electron energies. 
The cross-section behavior at energies between which absolute values 
were obtained were mapped out by using relative cross section data. 
Their results are shown in Fig. 5, which shows the Tate and Smith 
data for H, ionization, the experimental atomic hydrogen ionization 
cross section, and the Born approximation predictions. The agreement 
of the experimental curve with the Born approximation at electron 
energies in excess of about 250 ev appears to justify their procedure in 
obtaining absolute values. Below 250 ev, the departure of the experimental 
results from theory is not unexpected in view of the basic assumptions 
used in the Born treatment. 

In a more recent experimental study of this process, Boyd and 
Boksenberg (1960) used a similar experimental approach, but the ion 
detector was a mass spectrometer using crossed electric and magnetic 
fields rather than a magnetic sector instrument such as was used by 
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Fite and Brackmann. The two sets of results are in fairly satisfactory 
agreement. 

In studying the ionization of atomic oxygen in a crossed-beam experi- 
ment, Fite and Brackmann (1959) used a gas discharge source for the 
oxygen atom beam source. Their experimental procedure was again 
to measure a ratio of cross sections, Q,/Q,, where Q, is the cross section 
fore + O — Ot + 2e and Q, is that for e + O, — OF + 2e. A compli- 
cation arose in obtaining absolute values for Q, because of the absence 
of knowledge of Q,. The absolute cross section QO; which was determined 
by Tate and Smith was for the sum of all processes leading to positive 
ion production (i.e., including multiple and dissociative ionization) 
with no analysis of the ions produced. It was thus necessary to combine 
mass-spectrometric ion detection with a detector of the type used by 
Boyd and Green (1958) which indiscriminately collected all ions pro- 
duced by the intersecting beams with 100% efficiency. By using argon 
beams with both detectors alternately, Fite and Brackmann first deter- 
mined the collection efficiency of their mass spectrometer for ions 
produced with no initial kinetic energy. They then ran a beam of O, 
and divided their mass spectrometer Oj} signal by this efficiency to 
ascertain the total number of Of ions being produced. The ratio of 
this calculated molecular ion current and the observed signal in their 
nondiscriminating detector was used as a value for O,/O7. By combining 
the two ratios, the ratio Q,/O; was obtained which was used in con- 
junction with the Tate and Smith data to find absolute values for Q,. 
The results of this experiment were in satisfactory agreement at moderate 
and high electron energies with values predicted by Seaton (1959), 
although at lower energies substantial deviations between theory and 
experiment were apparent. It may be added that in this experiment the 
concern that some of the oxygen atoms from the gas discharge source 
might not be in the ground state was set aside on the basis of threshold 
ionization studies. It was found that no-mass-16 signals could be 
detected below the ground state appearance potential of about 13.6 ev. 
From the observed noise level below this energy, Fite and Brackmann 
estimated that at least 97% of their atoms were in the ground state.t 


; t Professor E. Lindholm has pointed out (private communication) that the absence of 
lonization of atomic oxygen at electron energies below the appearance potential for 
lonization of ground state oxygen atoms is not a good test for excited metastable atoms. 
For oxygen the three lowest states of the neutral atom are °P, 1D, and 1S and those of 
the singly charged ion are 4S, 2D, and ?P. Very remarkably, the energies of these levels 
are such that any ionization process in which optical selection rules are valid yields 
appearance potentials for excited atom ionization which exceed that for ionization of 
8roundstate atoms. Thus to test for the presence of excited atoms one should seek the 
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They also observed that the ionization cross section for single ionization 
of atomic oxygen appears linear with excess electron energy. 


2.1.3 Ionization of Molecules 


Ionizing collisions between molecules and electrons has continued to 
be an active area of experimentation in recent years. Because the experi- 
mental techniques are similar to those which have been discussed in 
§ 2.1.1, and in “Electronic and Ionic Impact Phenomena” (Massey and 
Burhop, 1952), and in view of the existence of the recent review article 
on electron-molecule collisions by Craggs and Massey (1959), a general 
discussion of this subject will not be made part of this chapter. 

It is pertinent to mention one feature of recent work on ionization 
of molecules on electron impact: that much of the work now taking 
place is being done on commercial instrumentation. As representative 
of work done with commercially available equipment, it is perhaps 
adequate to cite here the experiments of Lampe et al. (1957) who used 
a Consolidated Electrodynamics Corporation Model 21-620 mass 
spectrometer, employing crossed electric and magnetic fields and cycloidal 
ion orbits, to measure ionization cross sections at a fixed electron energy 
(75 ev) of the inert gases, a number of the lighter diatomic and triatomic 
gases, and some of the lighter hydrocarbons. In their experiments, ion 
signals were compared and absolute values for the cross sections were 
obtained by taking the values for ionization of argon to be those reported 
in “Electronic and Ionic Impact Phenomenon” (Massey and Burhop, 
1952, p. 38). 


2.2 EXCITATION 


In comparing the measurement of ionization and excitation cross 
sections from an experimental point of view, and in terms of the basic 
operational definition of collision cross section (1), it is evident that the 
only fundamental difference resides in the method of detection of signals 
associated with the processes. With ionization, the most characteristic 


appearance of ‘“‘breaks’’ in the ionization efficiency curve just above threshold rather than 
the appearance of ions at electron energies below the groundstate threshold. 

The possibility of observation of ionization below the ground state threshold energy 
is probably not excluded, however, for at these low energies electron-exchange effects 
might be expected to occur and weaken the selection rules. However, it is not presently 
possible, because of the lack of cross section values for exchange ionization processes, 
to relate the absence of ionization below the ground state threshold to the maximum 
fraction of neutral atoms in other than the ground state; therefore the 97% figure quoted 
in the text should be taken with considerable reserve. 
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signal derives from the ion formed in the collision, but, as is seen in 
the foregoing sections, questions of the state of the ion formed remain 
unanswered using ion detection alone, except in the immediate vicinity 
of threshold. Offsetting this disadvantage is the experimental advantage 
that ion currents are simply detectable and readily measurable. 

In experiments on the electron-impact excitation of atoms and mole- 
cules to discrete states the situation is reversed. While in almost every 
case there are one or more signals which are unique to the process 
under study and which clearly identify the state of the excited system, 
these signals are of a very diverse nature and are much less easily 
measured than a simple charged particle current is. Indeed, the history 
of experimentation on excitation processes is, in large part, a history 
of ingenuity in devising detectors for the products of the excitation 
process; but, unfortunately, very few of these detectors have been 
developed to a point of reliability and accuracy such that they can be 
used to determine absolute excitation cross sections to the precision 
achievable in processes yielding a charged particle as a reaction product. 


2.2.1 Techniques 


Radiation Detectors. For the study of excitation to states from which 
radiation to lower states occurs, the radiation itself is the most obvious 
signal on which to base a cross section measurement. Because of the 
simultaneous occurrence of many excitation processes, it has long been 
common practice to use prism or grating monochromators to select a 
particular spectral line for detection of a specific process. Massey and 
Burhop cite a number of experiments in which this technique has been 
used. Perhaps the most significant technical advance for studying excita- 
tion processes yielding the emission of visible and near-ultraviolet 
radiation has been the growing availability of commercial photocells 
and photomultipliers whereby the sensitivity of monochromator detectors 
can be greatly increased. 

In the far- and vacuum-ultraviolet regions of the spectrum, the 
experimenter is faced with a loss of sensitivity due to the opacity of 
the materials of which optical components and photomultiplier envelopes 
are made, and also with a diminishing reflectivity of grating surfaces. 
On the other hand, in these spectral regions, the large energy available 
in each photon restores experimental feasibility for a wide variety of 
experiments. In the past few years, a number of novel and significant 
advances have been made which enable improved experimentation in 
the far- and vacuum-ultraviolet. 

In order to extend the range of photomultipliers to wavelengths 
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shorter than the cutoff of their envelope materials, fluorescent detectors 
are sometimes used. One such detector is constructed by applying 
sodium salicylate and other materials to the outer surface of a glass- 
enclosed photomultiplier. Ultraviolet photons, to which the glass is 
opaque, incident upon the sodium salicylate will produce visible photons 
which then actuate the multiplier. Johnson et al. (1951) and Watanabe 
et al. (1953) have found that this photon-conversion method gives a 
nearly flat wavelength response down to 540 A. This feature was of 
particular value in the studies of Corrigan and von Engel (1958) who 
calibrated such a detector absolutely and then studied, using electron 
swarm techniques, the excitation and dissociation of molecular hydrogen. 
Among their results was a comparison between excitation and ionization 
coefficients in this gas. A disadvantage of this method is that the photo- 
multiplier, having a photocathode of low work function, has a substantial 
dark current at room temperature, and the noise using this method of 
detection may be excessive in experiments of low signal level. 

Another detection method for ultraviolet photons is the direct photo- 
electric effect. The high photon energy permits greatly relaxing the 
care which must be given to the photocathode surface compared to 
photoelectric detection of visible radiation. Indeed, virtually any metal 
treated in almost any manner is suitable as a photocathode. A very 
important recent contribution to the measurement of cross sections for 
excitation of ultraviolet radiation has been the measurement of the 
photoelectric efficiency of various materials throughout the entire 
ultraviolet spectrum (Walker et al., 1955; Hinteregger and Watanabe, 
1953) and it may be expected that these measurements will ultimately 
permit a wider range of measurement of absolute excitation cross sections. 

In experiments of low signal level, the direct photoelectron currents 
are often inadequate. Two methods are used to increase the electrical 
signal level. The first is electron multiplication using multiplier stages 
similar to those of the commercial photomultiplier. A disadvantage of 
this is that in detecting vacuum ultraviolet radiation, the photocathode 
and therefore the multiplying surfaces must be exposed to a vacuum 
environment which is somewhat less desirable than that in a sealed 
photomultiplier tube. Unfortunately, most electron multiplying sur- 
faces are subject to some deterioration under ordinary vacuum conditions 
and the sensitivity of such devices is not as stable as is desired. The dark 
currents and noise in such multipliers are much less than in photo- 
multipliers, however, because of the absence of any low-work-function 
materials. 

The second method of enhancing photoelectric signals involves 
accelerating the photoelectrons to high energies and then detecting 
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the fast electrons using scintillators. The noise associated with dark 
currents of the photomultiplier used to detect the scintillations can be 
reduced by pulse-height discrimination techniques. 

Another class of detectors which has been used in excitation studies 
operates by photoionization of gases. Since these detectors employ 
fairly high pressures of gases, they must be enclosed in solid materials 
The short-wavelength cutoff is then the transmission limit of whatever 
window material is used in the envelope; e.g., the cutoff is about 
1050 A when using lithium fluoride. The long-wavelength cutoff is the 
photoionization threshold of the working gas. By judicious selection of 
windows and working gases, sensitive detectors of radiation of limited 
wavelength response can be constructed. 

Both ionization chambers and photon counters have been constructed 
using NO (Chubb and Friedman, 1955) and I, (Brackmann et al., 1958) 
for which the ionization thresholds are about 9.3 and 9.7 ev, respectively. 
When LiF windows are used, these devices have wavelength response 
bands of 200 to 300 A, depending on the quality of the LiF. While 
this range is restrictive, a number of interesting spectral lines occur in 
this wavelength band, not the least of which is the Ly-« line of atomic 
hydrogen. In photon counters, the practice has been to place small 
amounts of the working gas into an inert gas filling and use the devices 
as Geiger-Miiller counters. The facts that both NO and I, have large 
uv absorption coefficients and are electronegative accord such counters 
the property of being self-quenching. 

Another major step in detection of photon signals has been the measure- 
ment of absorption coefficients of several gases throughout the ultra- 
violet spectrum by Watanabe et al. (1953). By using their data, it is now 
possible to select combinations of gases for use in gas filters which 
offer high transmission and excellent selectivity at several places in the 
uv spectrum. An example of gas filtering for increased selectivity is the 
use of an O, absorption cell (with LiF entrance and exit windows) 
before an iodine-vapor-filled photon counter for Ly-« detection (Fite 
and Brackmann, 1958b). In the wavelength band of the I, counter, 
O, is a good absorber of radiation except at seven narrow “windows,” 
one of which coincides with the Ly-a lines. By using O, filtering, the 
wavelength response range of the photon counter is reduced by about 
an order of magnitude. With additional CO, filtering, the response 
Tange could be further reduced, for this gas is much more transparent 
at Ly-« than at several of the oxygen windows which admit radiation 
other than Ly-a (Chubb and Friedman, 1955). 

Gas filtering before photoelectric detectors is a possibility which has 
Not yet been fully exploited. 
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Metastable Atom Detectors. For the detection of metastable atoms, 
detectors using three principles of operation have been used. 

The first and most frequently used method is applicable to those 
metastable atoms whose excitation energy exceeds the work function of 
some metal. In this case it is energetically possible for a metastable 
atom impinging on the metal to give up its excitation energy and eject 
an electron from the metal, so that an electrical current measurement 
can then be made. The efficiency of detection of the metastable states 
of helium at gold surfaces has recently been measured by Stebbings 
(1957) who found the efficiency to be 29%. A less precise measurement 
of the efficiency of electron ejection from a platinum surface by the 
metastable 2S,/. state of atomic hydrogen (of excitation energy 10.15 ev) 
yielded a value of about 6% (Lichten and Schultz, 1959). 

A second method of detection relies upon there being near the 
metastable state another state from which radiation to a third state is 
permitted, and upon perturbing the metastable so that an admixture of 
the first two states is produced. This method has been applied to 
detection of the 2.S,,. state of atomic hydrogen and Het (Novick et al., 
1955). Since the 2P,,. states has an energy separation from the metastable 
state of only the Lamb shift (~4 x 10-® ev in H), the application of a 
dc electric field causes the metastable atom to radiate Ly-« radiation 
which can then be detected with a radiation detector. 

A third method, which has been successfully applied to detection of 
metastable helium atom employs absorption spectroscopy (Woudenberg 
and Milatz, 1941). In particular, the 23S state will absorb radiation 
(10,830 A) in photoexcitation to the 23P state, and both attenuation 
and fluorescence of this radiation can indicate the presence of metastable 
helium atoms. Phelps and Molnar (1953) detected both the 21S and 
23S states of helium by absorption of radiation at 5016 and 3889 A 
corresponding to transitions to the 31P and 33P states, respectively. 
A number of metastable atom densities in other gases have also been 
monitored by absorption spectroscopy, e.g., Phelps’ (1959) work on 
de-excitation of excited neon atoms. Clearly, variations of this type of 
radiation absorption technique can be applied to the detection of 
metastable states of less excitation energy than necessary for using 
either of the two methods given previously, although the efficiency of 
detection using photon absorption is considerably less than necessary 
for many experiments. 


Scattered Electron Detection. Since an electron in exciting an atomic 
system to a discrete state loses a definite amount of energy, it is possible 
to monitor the excitation process by detecting those scattered electrons 
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which have lost an amount of energy equal to the excitation energy. 
Using this approach to excitation studies has the advantage that the 
basic measurement is a current measurement, and therefore is quite 
straightforward to carry out. The disadvantage of this method is that 
it requires good energy resolution in the scattered electron detector, 
for many of the most interesting cases for study involve atoms and 
molecules in which the energy separation between states may be quite 
small. If excitation to a particular state is to be examined, the electron 
detector must be capable of discriminating between two near-lying 
states. 

Early applications of scattered electron detection were made by 
Hughes and McMillen (1932) and Mohr and Nicoll (1932, 1933) in 
which electrostatic analysis of the electrons scattered at a fixed angle 
was made using a 127° electrostatic analyzer. Massey and Burhop 
(1952) and Massey (1956) discuss these early measurements and show 
schematic representations of these experiments. More recent experiments 
of this type taking advantage of newer experimental techniques have 
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Fic. 6. Schematic diagram of Schulz’ trapped electron method used in studying 
inelastic electron collision processes, showing the tube (a) and the potential distribution 
at the axis of the tube (b). F is the filament, P, is the retarding electrode, G is the cylin- 
drical grid forming the collision chamber, M is the cylinder for collection of trapped 
electrons, and E is the electron beam collector. Vq is the accelerating potential and W is 
the well depth. The electrons have energy V, + W in the collision chamber. Those 
which lose more energy than V4 in collisions become trapped. 
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been done by Lassettre and his associates at the Ohio State University, 
but unfortunately their work has not been published in the open liter- 
ature. 

A second type of experimental method utilizing scattered electron 
detection is the “trapped electron method” recently developed by 
Schulz (1959). Just as electrostatic analysis using the 127° analyzer is 
analogous to the monoenergetic electron studies of Clarke, the trapped 
electron method might be considered the detection analog of the retarding 
potential difference method of Fox. 

Figure 6 shows a schematic of a trapped electron experiment, in 
which a magnetic field and narrow apertures confine a beam of electrons 
to motion in a straight line. The beam passes through potential regions 
as shown. Those electrons which suffer inelastic collisions and lose 
energy between V, and V, + W are trapped in an electrostatic well. 
In the absence of subsequent collisions, the electrons have no choice 
but to arrive ultimately at the collector, M. Since small variation of 
the potential P, permits the use of monoenergetic incident electrons in 
the sense of RPD method, and since W may also be varied, remarkable 
versatility accrues to this experimental method. A disadvantage of this 
method at its present stage of development is that the trapped electron 
current is the sum of the currents produced by excitation to all states 
whose energies lie in the interval V, to V, + W. As a result, a clear 
definition of the state to which the target atom or molecule is excited 
is obtained only near the lowest excitation threshold. Nonetheless, the 
facts that this method is possessed of excellent energy resolution and 
measures total scattering cross sections directly makes it a very important 
complementary technique to the electrostatic analyzer method described 
previously, which measures differential scattering and is best suited to 
high incident electron energies. 


2.2.2 Excitation of Atoms 


Atomic Hydrogen. Study of collisions in which electrons excite atomic 
hydrogen to discrete states has an unusual appeal because of the large 
variety of mathematical approximations which have been applied to 
these problems. Until very recently, however, measurements of hydrogen 
atom collision cross sections had not been attempted because the 
chemical instability of this atom precluded the use of conventional 
experimental techniques. The beginnings of experimentation in this 
area were the experiments of Lamb and Retherford (1950, 1951) on 
hydrogen atom fine structure in which they used electron-impact 
excitation to produce atoms in the 2S state. While they made only 
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relative measurements near threshold of the cross section of the excita- 
tion process which was used in those experiments, their work dramatic- 
ally called attention to the fact that thermal dissociation sources could 
be used to produce groundstate hydrogen atom beams which were both 
highly pure in atom content and sufficiently intense that electron-impact 
excitation experiments using crossed-beam configurations were possible. 


a. Excttation of Lyman-« radiation. In studying the excitation of Lyman-a 
radiation produced in collisions between electrons and free hydrogen 
atoms, Fite et al. (Fite and Brackmann, 1958b; Fite et al., 1959) used 
crossed-beam techniques. Their detectors were oxygen-filtered iodine- 
vapor-filled uv photon counters which viewed the region of intersection 
of the two beams. 

The basic experimental problem in this experiment was to obtain an 
adequate signal-to-noise ratio, where the “noise” arose from two 
principal sources. The first was soft (~10ev) X-rays which were 
produced by the electron beam upon its arrival at the anode of the 
electron gun. The second and more important source of noise was the 
radiation emitted following collision of the electrons with molecules in 
the residual gas in their vacuum system. The principal gas responsible 
for this radiation was molecular hydrogen which was formed when the 
hydrogen atom beam struck the end of the beam apparatus and reasso- 
ciated. Because of irregular action of diffusion pumps, drifts and fluctua- 
tions in the background pressure prohibited making dc measurements, 
and modulated-beam techniques used in the study of electron-impact 
ionization of hydrogen atoms were again necessary. 

The most unusual feature of these experiments was the use of counters 
in ac circuits, a situation made possible since the dead time of the 
counters (which are basically Geiger-Miiller counters) was small 
compared to the period of the modulation (0.01 sec). In the earlier 
experiments, the output of the counter tube was fed to a pulse-monitoring 
oscilloscope and the output of the amplifier of the oscilloscope was fed 
into their ac circuitry (see Fig. 2). In the later experiments, the pulses 
were shaped to give a larger Fourier amplitude at the frequency of the 
modulation in order to give improved signal-to-noise ratio and eliminate 
the high peaks at the beginning of the counter pulses. 

In this experiment, the directly measured quantity was the relative 
signal per unit electron current as a function of electron energy, i.e., 
a relative cross-section measurement. In order to assign absolute values, 
the relative cross section curve was to be normalized to Born approxima- 
tion values at energies above 250 ev. The justifying arguments for this 
Procedure were (1) the Born approximation appeared to be correct 
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above this energy in the case of ionization of H on electron impact, 
and (2) the relative cross section curve had the same shape as the Born 
approximation curve above 250 ev. 

The assignment of absolute values, however, encounters two com- 
plications. The first is that Ly-« radiation arises from not only the 
direct 1S-2P excitation process, but from (a) cascade processes in 
which the atom is excited to states for which m > 2 and radiates back 
to the 2P states and (b) production of 2S atoms which could be quenched 
by stray electric fields. While care to exclude stray fields could minimize 
the contributions from this latter cause, the former effects cannot be 
eliminated. At the higher energies, estimation of these contributions to 
the detected Ly-« radiation on the basis of the Born approximation 
cross sections (Massey, 1956) and the pertinent transition probabilities 
(Bethe and Salpeter, 1957) indicate that the error made in normalizing 
relative cross section data at high energy to only the direct 1S-2P 
excitation cross section is considerably less than the experimental 
uncertainty. 

The second complication is that radiation excited on electron impact 
has an angular distribution which is not generally isotropic and is 
energy dependent. In order to compare theoretical predictions, which 
for the most part have considered only total excitation cross sections, 
with experimental results obtained by observing photons emitted over 
only a limited solid angle, it becomes necessary to be concerned with 
the angular distribution of the radiation. 

This requirement led to a two-step experiment. The first part was 
a measurement of the relative signal per unit electron current with the 
photon counter observing radiation emitted at 90° with respect to the 
electron beam, a situation in which the best signal-to-noise ratio could 
be achieved. The second part was the examination of the angular distri- 
bution of the radiation, made by comparing signals with the photon 
counter observing at 45°, 90°, and 135° with respect to the electron 
beam, at the same electron energy. Since Ly-a« is an electric dipole 
radiation, its angular distribution is given in the form 


3Q (1 — P cos? 6) 
(6) = 7 oy (2) 


where Q is the total cross section, and P, the polarization fraction, is 
an energy-dependent parameter in the range — 1 < P < 1. Observa- 
tions at only two angles are required to determine the constant P and 
the entire angular distribution at any electron energy. By using a third 
angle, a check on symmetry of the radiation was obtained. 
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These angular distribution measurements were subject to much less 
experimental accuracy than the relative measurements taken when 
detecting photons emitted at 90° with respect to the electron beam. 
While the angular distribution measurements did indicate that at low 
energies the values of P are positive, at higher energies the most probable 
values of P were less than the experimental uncertainty. As a result, in 
normalizing their high-energy relative data to the Born approximation, 
Fite and Brackmann elected to use the value P = 0. By correcting their 
lower energy data taken at the 90° observation angle by the measured 
most probable values of P, they obtained a total cross section curve. 

A check on the absolute values obtained in this way was made by 
examining the radiation emitted at an angle of 54.5° with respect to 
the direction of the electron beam. It may be noted from (2) that at 
the angle @ = cos~1(1//3), relative measurements are proportional to 
the total cross section for excitation, irrespective of the angular distribu- 
tion. These measurements were subject to considerably more noise 
than the 90° measurements because of soft X-rays from the electrodes 
of the electron gun which were now in view of the photon counter; 
however, they appeared to confirm the results obtained by the procedure 
of correction of the 90° data to within the experimental accuracy. 
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Fic. 7. Cross sections for production of Ly-a radiation in e+ H collisions. See 
text for explanation. 
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Figure 7 shows a plot of a fictitious cross section, Og, = Q/(1 — P/3), 
which is the apparent total cross section assuming isotropic angular 
distribution of the radiation at an intensity equal to that observed at 
90°; the total cross section, QO, obtained by correcting the 90° data for 
measured angular distribution; and the total cross section obtained from 
data taken at an angle of 54.5°. This figure also shows for comparison 
the predictions of the Born approximation (Massey, 1956) and the 
distorted wave approximation (Khashaba and Massey, 1958) for direct 
excitation to the 2P state only. 

It is interesting to note that near threshold the cross section Ogg 
appears proportional to the square root of the excess energy. This 
energy dependence is predicted for the total cross section, Q, from the 
work of Wigner (1948). 


b. Excitation to the metastable 2S,,. state. The excitation processes 
leading to the production of a metastable hydrogen atom in the 2S state, 
which Lamb and Retherford used in their fine-structure experiments, 
have been studied in two subsequent experiments. The first was one 
part of an experiment by Lichten and Schultz (1959). This experiment 
was a dc crossed-beam experiment in which a beam of ground state 
atoms was produced in a thermal dissociation source of the type deve- 
loped by Hendrie (1954), which was an improved version of the oven 
originally used in the experiments of Lamb and Retherford (1950, 
1951). A dc electron beam crossed the atom beam and excited metastable 
atoms, which were slightly deflected in the excitation process and were 
detected downstream by a platinum surface electron ejection detector. 
This detector was made of sufficiently large area to intercept all metas- 
tables within a recoil angle of 22° off the direction of the ground state 
atom beam and + 7° in the direction perpendicular to the plane of the 
atom and electron beams.t 

Intermediate between the excitation volume where the two beams 
crossed and the detector, an electrostatic quench field could be applied. 
When the quench field was removed, all metastable atoms struck the 
detector and ejected electrons, the current of which was measured. 
When the quench field was turned on to a field of about 30 volts/cm, 
the metastables were quenched, radiating Ly-«. Only a small fraction 
of the quench radiation could reach the detector, and give rise to an 
electron current through photoelectric effect, because the angular 


t Subsequent experiments (Stebbings et a/., 1960) on angular distribution of H(2.S) 
atoms showed that this solid angle was adequate to intercept all the metastables produced 
in the experiment of Lichten and Schultz. 
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distribution of the radiation is isotropic and the detector surface sub- 
tended only a small solid angle. By using a removeable wire stop to 
block the beam from entering the excitation region of their apparatus, 
Lichten and Schultz could assess the contributions to their detected 
currents from electron-impact excitation of the background gas in their 
vacuum. By proper combination of galvanometer readings with the 
quench field on and off and with the wire beam stop both in and out 
of place, the signal associated only with production of 2 atoms from 
electron collisions with the groundstate atoms in their beam could be 
obtained. Figure 8 shows their relative cross section data for production 
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Fic. 8. Relative cross section for production of metastable hydrogen atoms in colli- 
sions between electrons and ground state hydrogen atoms (Lichten and Schultz, 1959). 
The “background”? is indicative of metastable atoms produced in collisions of electrons 
with H, in the residual gas in the vacuum system and the “dc background” was the 
galvanometer deflection when metastable atoms, irrespective of origin, were electro- 
Statically quenched. 


of 2S atoms. The dc background in this figure is the galvanometer 
deflection with the atom beam running and with the quench field 
turned on. The “background” is the difference in galvanometer deflec- 
tions with the quench field off and on, with the wire stop blocking the 
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atom beam. The background gives an indication of metastable atoms 
produced by electron collisions with molecular hydrogen in the back- 
ground gas. 

Although not essential to that part of the work of Lichten and Schultz 
dealing with total excitation cross sections, their apparatus also con- 
tained an inhomogeneous magnetic field to permit their using a spin- 
polarized beam of atoms and a magnetic field rotator. A field of 575 gauss 
was used to confine their electron beam while also quencing metastable 
atoms with a given direction of their electron spin. These additional 
features were used in their measurements of exchange excitation which 
will be discussed in § 2.3. 

The first type of data obtained in the experiment of Lichten and 
Schultz was a relative cross section, or excitation function curve for the 
production of H(2S). While below about 20 ev, background effects 
were less than effects associated with the crossed beams, at higher 
energies the background increased strongly. Because of deteriorating 
signal-to-noise ratio at higher energies, data were presented only up to 
about 43 ev. (See Fig. 8.) 

In addition to obtaining a relative cross-section curve, Lichten and 
Schulz took advantage of the relative positions of their quench plates 
and their detector to make an absolute measurement of the cross 
section. Since they could estimate the number density in the atom beam 
from their furnace pressure and the geometry of their apparatus, and 
measure their electron current, electron path length through the neutral 
beam, and current at their detector, the use of (1) to determine the 
absolute cross section required only a knowledge of the efficiency of 
their detector for ejecting electrons when struck by H(25S). In order to 
determine this efficiency, they compared the detector signal when struck 
by metastable atoms with the signal produced when the atoms were 
electrically quenched by the quench field. Since quenching produces 
Ly-a radiation for which the angular distribution is isotropic, by 
knowledge of the solid angle subtended to the electric quench region 
and observing the photoelectric signal, they measured the ratio of the 
efficiency of electron ejection under H(2S) bombardment to the Ly-a 
photoelectric efficiency. Since the photoelectric efficiency was known 
from earlier experiments (Walker et al.,1955 ; Hinteregger and Watanabe, 
1953), they could determine their detector’s efficiency for metastable 
hydrogen detection. This figure was 0.065 + 0.025. By using this 
procedure Lichten and Schultz determined that the cross section for 
production of H(2S) at its peak (at about 11.7 ev) is 0.28 + 0.14 7a}. 

An alternate procedure used by Lichten and Schultz to assign absolute 
values followed the observation that their relative cross section data 
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had the same shape as that predicted by the Born approximation in the 
higher part of their energy range. By normalizing their relative data to 
the Born approximation in the 30 to 40-ev range, the peak of the curve 
occurs at a value of 0.36 + 0.05 wag which is within the range specified 
in their absolute measurement. The peak cross section value which 
they adopt is a weighted average of 0.35 + 0.05 zap. 

The second experiment bearing on excitation of ground state atomic 
hydrogen to the 2S,,. state is that of Stebbings and associates (1960) 
in which a comparison of the cross section for this process to the cross 
section for excitation of Ly-a radiation was made. Their experimental 
arrangement is shown in Fig. 9. A modulated atom beam was crossed 
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Fic. 9. Schematic representation for measuring the ratio of cross sections for pro- 
duction of metastable atoms and Ly-a« radiation (Stebbings et al., 1960). 


by an electron beam and the interaction region was viewed by a photon 
counter, so that the ac counter signal recorded the direct excitation of 
the Ly-« radiation. A flap could then be lowered to block the counter’s 
view of the interaction region and prevent detection of direct excitation 
of Ly-a.t The counter could then be moved slightly to view a region 
in which an electric field could be placed. The metastable 2 atoms 
Produced in the interaction region, whose lifetime in the vacuum was 
determined to be of the order of a millisecond, continued on and upon 


t Since the lifetime of the 2P state is of the order of 10-® sec, the decay length of 
H(2P) is of the order of 10-3 cm. 
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entering the region between the electric field plates could be quenched 
to radiate Ly-a. By comparing the photon counter signals produced by 
quenching H(2S) and from direct excitation of Ly-a, under conditions 
of constant atom and electron beams, and with the same solid angle 
subtended in both parts of the experiment and using the same photon 
counter, a ratio of cross sections for the two processes could be obtained. 

The use of modulation techniques and the discriminating oxygen- 
filtered photon counters permitted measurements to 700 ev. 

Since the counter was intercepting photons emitted at 90° with respect 
to the electron beam, the appropriate Ly-a« excitation cross section to 
use is Qg discussed previously. Since Qo) has been assigned absolute 
values through normalization to the Born approximation at very high 
energies (250-700 ev), absolute values of Q(2S) the total cross section 
for production of 2.S atoms could also be obtained. 


TABLE I 


Most PROBABLE VALUES FOR THE RATIO OF THE TOTAL Cross SECTION FOR 
PRODUCTION OF 2S ATOMS TO Qoo* 


Electron energy (ev) Q(2S)/Qo0 
11.3 0.45 
12 0.36 
13 0.36 
14 0.28 
15 0.22 
17.5 0.20 
19 0.14 
25 0.11 
30 0.096 
40 0.08 
57 0.095 
75 0.11 
90 0.10 

125 0.08 
150 0.11 
200 0.11 
300 0.11 
400 0.13 
550 0.13 
700 0.12 


@ The apparent total cross section for excitation of Lyman-a radiation if it were to be 
assumed that the radiation angular distribution is isotropic at an intensity equal to that 
observed at 90° with respect to the direction of the exciting electron beam. 


12. EXCITATION AND IONIZATION CROSS SECTIONS 451 


In assigning absolute values to Q.5 on the basis of the data of this 
experiment in the original report of it, a correction was made appropriate 
to having the radiation produced by the quench field angularly distri- 
buted as dipole radiation, with the dipole oriented parallel to the quench 
field. Lichten (1961) pointed out that this was an erroneous correction, 
and that the induced Ly-a radiation is in fact isotropic. The direct 
data of this experiment gives the values of Q(2S)/Qg)(Ly-«) shown in 
Table I. 

Combining the results of this table with values of Qgg (see Fig. 7) 
yields a cross section curve for Qj, given in Fig. 10. For comparison, 
the Born approximation for this cross section is shown. 
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Fic. 10. Cross section for production of metastable 2S hydrogen atoms as obtained 
from measurements of Q(2S)/Q(Ly-a), and results given in Fig. 7. The Born approxima- 
tion predictions against which this result is compared includes a term to account for the 
substantial contributions to the 2S production by cascade processes of the type 1S — 
nP — 28. 


In considering both the data of this experiment and that of Lichten 
and Schultz, it may first be noted that the shape below 40 ev of the 
two curves is in quite good agreement. A point of disagreement exists 
on the absolute value assignment however. In the experiment of Stebbings 
et al., Born approximation values fall within the experimental uncer- 
tainty only above 150 ev, and substantial deviations occur in the 30 to 
40-ev range where Lichten and Schultz normalized their relative data 
to the Born approximation. While this leads to a discrepancy of about 
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a factor of 2 between the peak values adopted by the two sets of authors, 
it is to be noted that the most probable peak value taken by Stebbings 
et al. (0.16 7a) falls within the range of uncertainty in the direct experi- 
mental absolute cross section determination of Lichten and Schultz 
(0.28 + 0.14 za*). 

With reference again to Fig. 10, it is to be noted that in comparing 
either of the above-described experiments with theory it is necessary to 
consider cascade contributions as well as contributions from the direct 
1S-2.S excitation process. Particularly important are excitation processes 
1S-nP, where n > 3, followed by a radiative transition to the 2S state. 
To assess these contributions, Lichten and Schultz assumed that the 
shape of relative cross section curves for all 1.S-nP excitation processes 
is similar to that observed for the excitation of Ly-a radiation (Fite and 
Brackmann, 1958b) and that the absolute magnitudes of the cross 
sections are proportional to the squares of the respective dipole matrix 
elements <1S| z|”P>. On the basis of this assumption and the fact 
that the branching ratios between the 1 S and 2S states are approximately 
the same for all mP states (Bethe and Salpeter, 1957, Table 15), an 
approximate formula for the production of H(2S) is given by Qg5 = 
Oy5-25 + 0.210,5-3p. The first term is the direct excitation process 
while the second estimates the cascade contributions. It is this formula 
that is used by both experimental groups in comparison of their data 
with theory. 


Helium 


a. Excitation of metastable levels. The fact that helium is both chemically 
stable and relatively simple from a theoretical point of view has led to 
its being a favorite atomic system for study for many years. As is, unfor- 
tunately, not uncommon in atomic collision physics, there has existed 
some disagreement between different workers. Recently some of the 
newer techniques have been applied to unresolved problems, including 
excitation to the 238 and 21S levels. 

In past studies of excitation to these metastable states a number of 
experimental approaches have been used. Maier-Leibnitz (1936) used 
retarding curves on electrons in an electron swarm experiment to deter- 
mine the inelastic collision cross section in helium. Dorrestein (1942) 
used an electron beam method with detection being made by electron 
ejection when the metastable atoms strike metal surfaces. Woudenberg 
and Milatz (1941) detected He(2?S) by observing absorption of light 
at 10,830 A, corresponding to the transition from the 23S state to the 
2°P state. 
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Recently, additional experiments on electron-impact excitation to the 
lowest metastable states have been carried out near threshold, with 
particular care being taken in the experiments to increase the electron 
energy resolution, Schulz and Fox (1957) conducted an experiment 
of similar concept to that of Dorrestein (1942) in which the retarding 
potential difference method was employed under conditions that their 
effective electron energy spread was about 0.1 ev. Their tube is illus- 
trated in Fig. 11. The electrodes P,, P,, and P, were used to select a 
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Fic. 11. Electrode assembly for the study of excitation of helium to its metastable 
states in which the RPD method was used to improve energy resolution (Schulz and 
Fox, 1957). Metastable atoms were detected by electron ejection at the detector surface, M. 


narrow band of energies in a manner described earlier (§ 2.1). Some 
of the metastable atoms produced in the collision chamber C, pass 
through the two grids G, and G,, arrive at the gold-plated metastable 
detection surface M, and eject electrons. These electrons are accelerated 
to grid G,, and the electron current leaving M is measured. The data 
in this experiment were the differences in current at the metastable 
atom detector when the potential of the filament with respect to P,, the 
retarding electrode, was varied. A magnetic field of about 100 gauss 
was used to weakly confine the electron beam. By using the 0.29 value 
of Stebbings (1957) for the efficiency of electron ejection of gold 
surfaces upon metastable helium atom impact, they obtained absolute 
Cross sections as well as highly resolved relative cross section curves. 
They place the value of the cross section at the peak of the 23S excitation 
Process at 4 x 10-18 cm? + 30%, which is in good agreement with 
Maier-Leibnitz’ value of 5 x 10-18 cm? 

In a second study of excitation of helium to the lowest metastable 
States, Schulz (1959) applied the trapped electron method discussed in 
§2.2. The data on excitation of helium using both metastable atom 
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detection and the trapped electron method are shown in Fig. 12. The 
dip following the peak of the 23S excitation cross section is not as well 
pronounced in the trapped electron method as in the metastable detec- 
tion experiment. Such a diminishing of the dip would arise if the 
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Fic. 12. Excitation of helium near threshold. The open circles give results obtained 
using metastable atom detection (Fig. 11) and the closed circles represent data obtained 
using the trapped electron method (Fig. 6). 


apparent effective energy spread of the exciting electrons is larger than 
the true effective energy spread associated with using the RPD method 
in the electron gun. That such an increase in the effective energy spread 
should occur was pointed out by Schulz; its cause is the nonrectangular 
shape of the potential well which traps the scattered electrons. 

The second difference between the data obtained using the two 
methods of studying helium excitation occurs just over 21 ev where 
excitation to the P states can occur. While the solid surface used to 
detect metastables in the earlier experiment would not respond to 
photons radiated by the 23P-23S transition, photoelectric effect by the 
energetic photons from the 2!P-11S transition will add to the apparent 
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metastable atom signal. In the trapped electron method, excitation to 
both the P states is detected with the same efficiency as in the case of 
excitation to the metastable levels. 


2.2.3 Excitation of Molecules 


The recent excellent review article of Craggs and Massey (1959) on 
electron-molecule collisions makes it unnecessary here to discuss in 
detail the excitation of molecules on electron impact. It is appropriate, 
however, to present some unusually interesting results published since 
Craggs and Massey’s review. 

In studying excitation of CO and N, on electron impact, Schulz 
(1959) demonstrated the remarkable utility of the trapped electron 
method and also convincingly substantiated the existence of a scattering 
process in N, at 2.3 ev which had been found by Haas (1957) in a 
swarm experiment and interpreted as representing the formation of an 
unstable negative ion of N,. 
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Fic. 13. Excitation of Nz, using the trapped electron method, with a well depth 
of 0.2 ev (Schulz, 1959). The small peak at 2.3 ev and the large sharp peak at 11.5 ev are 
to be particularly noted. 
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Figures 13 and 14 show curves of the trapped electron current as a 
function of electron energy using two well depths, 0.2 and 0.8 ev, 
respectively. In interpreting the differences between these two curves 
or the curves for any molecular excitation, it is necessary to be aware 
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Fic. 14. Excitation of N,, using the trapped electron method, with a well depth 
of 0.8 ev (Schulz, 1959). See text for comparison of the peaks at 2.3 and 11.5 ev using 
the different well depths. 


that there are two limiting cases when using the trapped electron 
method. The first involves transitions to repulsive-type states in which 
the potential curve for the state in the Franck-Condon range of nuclear 
separations has an energy range much larger than the well depth. In 
this case, the trapped electron current traces out the integral of the 
cross section for production of electrons with kinetic energy between 0 
and W (the well depth), resulting from transitions from the ground 
state to the repulsive state within the Franck-Condon range. The second 
limiting case is for transitions to bound states, where a given vibrational 
state is preferentially excited, which resembles excitation to discrete 
atomic levels. 

On recalling that the energy of the electrons before collision is 
V, + W, where V, is the accelerating potential and W is the well 
depth, and electrons which lose energy between Vy and V, + W 


12. EXCITATION AND IONIZATION CROSS SECTIONS 457 


constitute the trapped electron current, it is evident that in order to 
observe a Situation represented by the second limiting case W must 
not be large compared to the range of energies given up in exciting the 
state. If W is larger than the energy range between the threshold and 
the peak of the process, the peak will not be clearly discerned. 

The peak occurring at 11.5 ev is an example of the second limiting 
case. With the 0.2-ev well depth, this peak, which Schulz identifies 
with excitation to the C*JJy state, is quite distinct, but when using 
W = 0.8, the peak is obscured. 

The peak at 2.3 ev represents an opposite situation, where the inte- 
grated cross section for producing electron energy loss is measured. 
Because there are no known electronically excited states below 6.0 ev 
and because excitation of vibrational states in N, on electron impact is 
improbable, Schulz interprets this peak as arising from formation of a 
negative ion Nz which is unstable, and which then decays to a free 
electron and a vibrationally excited N, molecule. With a shallow well, 
only decay of Nj giving the highest vibrational states of N, is detected, 
and as the well depth is increased, decays yielding more vibrational 
states, working downward in energy, are included in the trapped electron 
current. 

By (1) holding V, constant at several values and varying the electron 
energy by varying the well depth (so as to include only those final N. 
vibrational states with energy above V,), and (2) holding W fixed at 
several values and varying electron energy by varying Vy, Schulz 
obtained data which he interprets as indicating that the N, formed by 
Nz decay is formed preferentially in the lower vibrational states. This is 
consistent with the fact that in Fig. 13 the peak at 2.3 is quite small, 
for with the 0.2 ev well depth, only those processes leaving the N, 
highly vibrationally excited would be detected. 


2.3. ELECTRON EXCHANGE COLLISIONS 


It is well known that in collisions at low electron energies it becomes 
necessary to consider the fact that an incident electron and an atomic 
electron are identical particles of spin 4. This requirement has been 
embodied in many of the low-energy calculations for collision cross 
sections through appropriate symmetrization of the wave functions. In 
the case of atomic hydrogen, for example, two scattering amplitudes 
are introduced, f(), for collisions in which the incident electron is 
scattered, and g(@), for collisions in which the incident electron and the 
atomic electron exchange. 
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The differential scattering cross section is then given by 
o(6) = “"{41f +e + dlf—eP} (3) 


where wv is the velocity of the incident electron and v, is the velocity 
of the electron leaving the atom which has been excited to the mth state 
in the collision. An alternative expression for the differential cross 
section is obtained algebraically to be 


of) =" RIFP +4leht+4lf—s lh} (4) 


It is common to speak of the cross section as being composed of three 
constituent cross sections corresponding to the three terms in the brackets. 
They are, respectively, the “direct,” “exchange,” and “mixed”’ differen- 
tial cross sections. 

While these concepts have been part of the theory for many years, 
experimentation has until recently been confined to study those exchange 
processes in which no competing direct processes occur; e.g., excitation 
of helium to the 23S state can be accomplished only by an exchange 
collision if spin-orbit coupling is negligible. In the past few years, 
the scope of experimentation on exchange collisions has been immensely 
broadened by the development of techniques which can distinguish 
between direct and exchange collisions in processes where both are 
allowed. Since sources of polarized electrons are not available, these 
techniques depend upon the detection of the change of spin of the 
atomic electron following the collision. 


2.3.1 Optical Absorption 


Phelps and his associates (Phelps and Molnar, 1953; Phelps, 1955; 
Phelps and Pack, 1955) used optical absorption to detect a change of 
state from the 21S to the 23S states of helium. Their experiment involved 
the study of the decay of the afterglow in a pulsed gas discharge in a 
helium absorption cell. A monochromator introduced light of 5016 A 
to detect the 21S metastables (2!S-3!P transition) and light at 3889 A 
was used to detect the similar transition in the triplet system and measure 
the concentration of 23S metastables. An interference filter was placed 
between the cell and the photomultiplier detecting the monochromatic 
radiation in order to reduce unwanted light from the afterglow itself. 
The pulse rate of the discharge was sufficiently slow that the afterglow 
completely decayed between pulses. By observing the transmitted 
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radiation as a function of time, the rate of decay of the two types of 
metastable atoms could be followed. 

In their first experiments Phelps and Molnar displayed the transmitted 
radiation signals on an oscilloscope which traced out the entire time 
decay of the metastables. The difficulty of this method of data taking 
is that small amounts of absorption could not be measured accurately 
because of poor signal-to-noise ratio. That this method should be limited 
by signal-to-noise ratio is clear because multiplier shot noise will be 
accepted by the oscilloscope over its very broad frequency response 
range. 

The second method of taking data traded imprecise knowledge of the 
absorption at all times for more accurate knowledge at a given time 
following cessation of the pulses. In this second method, gating circuitry 
was used to accept signals produced only during two very small time 
intervals within each interval between successive discharge pulses. The 
gating of the detector occurred at twice the frequency of the discharge 
pulsing, so that signals were taken at times ¢ following the discharge 
pulse and ¢ + 7/2, where T is the discharge pulse period. The gated 
photomultiplier signals were fed to a narrow-band tuned amplifier 
operating at the discharge pulse frequency and the ac component was 
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Fic. 15. Data of Phelps (1955) on the decay of metastable helium in a discharge 
afterglow, from which the value of the cross section for the exchange collision e + He(24S) 
—>e-+ He(23S) was obtained. 
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amplified. This ac component is indicative of the difference of absorption 
at the two times at which the detector gate was open. By using narrow- 
band detection and integration, signal-to-noise ratio was greatly improved 
and permitted more accurate study of the rates of decay of the metastables. 

The results of Phelps are shown in Fig. 15. It is seen that the 218 
component diminishes much more rapidly than the 23S. In considering 
the loss of the 24S component, three effects were taken into account: 
diffusion, de-excitation in collision with neutral helium atoms, and 
de-excitation in collisions with free electrons. By varying pressure and 
electron density (which is very nearly constant during the time interval 
when 21S atoms are present), the authors found that the rate of decay 
of the atoms was linear with the electron density and determined the 
coefficient deactivation of the 21S atoms. 

To interpret the origin of the deactivation, it is appropriate to note 
that highly pure helium was used so that impurity effects are pre- 
sumably minor, and that in the afterglow the electron energy is effectively 
thermal. This latter fact prohibits depopulation of the 21S state by 
excitation processes, and strongly suggests that the loss mechanism is 
a superelastic collision where a free electron exchanges with the atomic 
electron, leaving the atom in the 2S state. If this is the process, it 
would be expected that during the decay of the 21S population an increase 
would be seen in the 23S concentration. This is, indeed, to be seen in 
Fig. 15. 

If it is assumed that the deactivation occurs only as a result of electron 
exchange collisions and that the electron energy is the mean thermal 
energy at room temperature, then the cross section for the process at 
this energy is 3 x 10-4 cm?. 


2.3.2 Optical Pumping 


A striking new method for studying exchange collisions is that of 
“optical pumping.” The first measurement using this method, that of 
the exchange elastic collision cross section in sodium, was carried out 
by Dehmelt (1958) in the course of his work on the gyromagnetic ratio 
of the free electron. 

Dehmelt’s experiment is shown schematically in Fig. 16. A beam of 
circularly polarized sodium light (D lines) is directed through a bulb 
containing sodium vapor and an inert buffer gas (argon), and thence 
onto a photocell. The bulb is contained in a uniform magnetic field, 
H, = 21.4 gauss, parallel to the direction of the light beam, so that 
weak Zeeman splitting of the levels of the sodium occurs. Since the 
light is circularly polarized, absorption of the radiation can occur only 
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if dm = + | in the transition. These transitions produce excited atoms 
in only part of the excited substates, but collisions with the buffer gas 
will alter these state populations and tend to make the excited substates 
equally populated prior to reradiation. When reradiation occurs, transi- 
tions for which 4m = 0, + | take place. These effects tend to repopulate 
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Fic. 16. Schematic representation of the optical pumping experiment of Dehmelt 
(1958) to measure the g-factor of the free electron and the cross section for elastic exchange 
collisions between electrons and sodium atoms. 


the ground substates equally. But since the circularly polarized light 
is depopulating them unequally (for the m = — } state is a better 
absorber than the m = + 4% state), the result is that ground state 
atoms are “pumped” from one substate to the other, and a steady state 
polarization of the sodium atoms is produced. In practice, relaxation 
effects as well as radiation patterns govern the degree of polarization 
producible by optical pumping (Dehmelt, 1957). 

If anything should occur in the bulb to upset the steady state polariza- 
tion of the sodium atoms, the number of atoms with m = — 4 will 
change. Since these are the most effective in absorbing the circularly 
polarized light, the transmitted light intensity will also change. Such 
an upset of the steady-state polarization of the sodium can be produced 
by applying an rf magnetic field, Hmoa, at the proper frequency to 
induce transitions between the magnetic sublevels of the F = 2 sodium 
hyperfine structure level. Indeed, by using these transitions Dehmelt 
calibrated the magnetic field Hp. 

In addition, Dehmelt provided for the addition of free electrons to 
the gas in the bulb by using a gas discharge. Radio-frequency (25 Mcps) 
pulses of about 1-msec duration were applied to a pair of condenser 
plates located outside the bulb (not shown in Fig. 16), at a repetition 
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rate of about 10 per second. Observations were made after the electrons 
had become thermalized (about 50 psec). 

When unpolarized electrons are added to the bulb in which polarized 
sodium atoms are present, they undergo exchange collisions with the 
sodium. Not only is a new steady-state polarization of the atoms achieved, 
but the electron cloud also becomes polarized. 

The principal purpose of Dehmelt’s experiment was to take advantage 
of the polarized electrons to measure the free electron spin g-factor. 
With the field Hmoa at the gyromagnetic frequency, the polarization 
of the electrons was changed, thus producing a change in the sodium 
atom polarization, which in turn was detected by a change in the photo- 
cell current. His actual measurement compared the g-factor for free 
electrons and g, for ground state sodium atoms, in the same sample 
and with the same magnetic field Hy. 

Of more interest for the present purposes is the fact that by an 
analysis of the signal strength and line shape of the electron resonance, 
Dehmelt was able to deduce that the cross section for elastic exchange 
collisions between free thermal electrons and sodium atoms is > 2.3 
® 10“ cm, 

In an experiment similar to Dehmelt’s optical pumping experiment, 
Franken et al. (1958) examined the electron exchange cross section in 
potassium and set an upper limit.on the cross section of 3 x 10-14 cm?. 


2.3.3 Preferential Quenching 


To study exchange collisions of the type which leave an atom in an ex- 
cited state, Lichten and Schultz (1959) experimented with excitation of the 
hydrogen atom to the metastable 2S, state. The attribute of this 
state which permits their experiment to be performed is seen from 
Fig. 17. When a magnetic field of about 575 gauss is applied to this 
excited atom its m, = — 4 substate coincides energetically with the 
m, = 4 substate of the 2P,,. state, and very small electric fields per- 
pendicular to the magnetic field cause admixing of the P state, so that 
the atom decays with Ly-« emission. This magnetic quenching removes 


2S atoms with m, = — } but does not quench metastable atoms with 
m, = + 4. Only those atoms of a given polarization survive magnetic 
quenching. 


Lichten and Schultz’ experimental plan is given in Fig. 18. Hydrogen 
atoms produced by thermal dissociation are passed through an inhomo- 
geneous magnetic field in order to produce a beam of polarized ground 
state atoms. By altering the position of their source, they could select 
a beam of atoms of either polarization, i.e., m, = + $ or m, = — 2% 
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Fic. 17. Zeeman effect on the levels with n = 2,7 = 4 in atomic hydrogen in weak 
magnetic fields. The energy coincidence of the m = — } substate of the S,,. state and 
the m = + 4 substate of the P,,, state at a field of 575 gauss permits magnetic quenching 
of metastable atoms with m = — 4. 
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Fic. 18. Experimental plan of Lichten and Schultz (1959) for measuring the ratio 
of the exchange to total cross sections in excitation of atomic hydrogen to the metastable 
2?S,,. state. 
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These polarized ground state atoms entered a region of uniform magnetic 
field at 575 gauss, in which their electron gun crossed the ground state 
atom beam and produced 2S atoms. Those metastable atoms with 
m, = — } were magnetically quenched while those with m, = 4 
continued on to the surface electron ejection detector. In this experi- 
ment, since the electrons were unpolarized and metastables of only one 
polarization were detected, the variable was the polarization of the original 
ground state atom beam. 

In order to deduce information on the exchange cross section for 


this excitation process, it is helpful to consider Table II from Lichten 


TABLE II 


ELECTRON SCATTERING BY A HyDROGENIC ATOM 


Component of electron spin along magnetic field 











Before collision After collision 
Atomic Incident Atomic Scattered 
Case electron electron electron electron Partial cross section 
A + 3 + 3 |f — g ?/2 (mixed) 
3 -4 3 —} | f [2/2 (direct) 
4 -4 -3 4 | g |?/2 (exchange) 
B —-$ 4 $ -4 | g |?/2 (exchange) 
—t 3 -$ 3 | f [2/2 (direct) 
3 “t -4 -4 lf — g */2 (mixed) 


and Schultz’ paper. This table lists the pertinent cross sections for all 
polarizations of both the incident and atomic electrons before the collision 
and the scattered and atomic electrons after the collision. Since only 
metastables with m, = 4 state are detected, it is evident from this 
table that when the ground state atom beam is in the m, = } state the 
signal, S,, is proportional to the sum of the direct and the mixed cross 
sections. With the ground state atom beam in the m, = — } state, the 
signal S_ is proportional to the exchange cross section. Therefore, the 
quantity, S_/(S,-+ S_) is equal to the ratio of the exchange cross 
section to the total cross section. This ratio as determined by Lichten 
and Schultz is given in Fig. 19. 

Again it is important to point out that in this measurement as in those 
experiments to measure the total cross section for excitation to the 
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2S state, it is not only the direct 1.S-2.S process which is under study. 
Cascade processes of the type 1S-nP-2S contribute a quite significant 
fraction of the observed metastable atoms and care must be exercised 
in comparing experiment with theory. 
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Fic. 19. The ratio of the exchange cross section to the total cross section in excitation 
of atomic hydrogen to the 2S metastable state (Lichten and Schultz, 1959). 


2.3.4 Inhomogeneous Magnetic Field Analysis 
In Lichten and Schultz’ work, an inhomogeneous magnetic field was 
used to select a single spin state in the ground state atoms with which 
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electrons were to collide and their analyzer for the polarization of the 
excited atoms was a system taking advantage of the particular excitation 
process under study. Clearly a more general method to obtain measure- 
ments of the ratio of exchange to total cross sections, if the atom after 
collision is in a relatively long-lived and moderately indestructible state, 
is to determine the degree of polarization by using a second inhomo- 
geneous magnetic field. 

This type of experiment has been done by Rubin et al. (1959) who, 
in their first experiments, studied exchange in elastic collisions of slow 
electrons with potassium. Their experiment, using a crossed-beam 
configuration, is illustrated in Fig. 20, Atoms were produced in a 
furnace which was offset from the axis of their beam apparatus. These 
atoms, in passing the polarizing inhomogeneous magnetic field, were 
selected according to their spin state, and this magnet also acted as a 
velocity selector for atoms of the desired polarization. The atoms were 
then crossed with a beam of electrons. Conservation of momentum 
requires that the atoms which have suffered collisions with electrons 
are deflected slightly away from the main beam of atoms, and to this 
deflected beam the analyzing inhomogeneous magnetic field is applied. 
In this experiment, the analyzed beam of atoms was detected by a 
surface ionization detector (Ramsey, 1956, p. 379). 

Since this experiment is very similar in concept to that of Lichten 
and Schultz, except for the detector of polarization following the colli- 
sion, the information output of the two experiments is similar; i.e., it 
measures a ratio of exchange to total cross sections. In the case of 
exchange collisions in potassium, Rubin, Perel, and Bederson have 
found that the ratio is about 0.3 at electron energies in the range 0.5-4 ev. 
Since in the energy range 1.5-4 ev the total cross section as measured 
by Brode (1929) varies from about 6 to 3 x 10-14 cm?, exchange cross 
sections of between 2 and 1 x 10-!4 cm? are implied by these measure- 
ments. The similarity of these values with the values obtained for thermal 
electrons from the optical pumping experiment of Franken et al. (1958) 
is to be noted. 

Both the experiments of Lichten and Schultz and of Rubin, Perel, 
and Bederson are capable in principle of measuring differential scattering 
cross sections as well as the cross sections integrated over all angles. 
In both experiments the ground state atom beam can be made to have 
a very narrow spread of energies and when a monoenergetic atom beam 
is struck by a monoenergetic electron beam, the angular distribution 
of the atoms following the collision may be related to the angular distri- 
bution of the scattered electrons. Measurements of this kind are now 
in progress (Bederson, private communication). 
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3 Ion Impact Studies 


In comparing electron-impact and ion-impact inelastic collision pheno- 
mena, the simplicity of interpretation of the former in comparison to 
the latter is striking. 

Even in the simplest of ion-atom collisions, collisions of protons 
with hydrogen atoms, careful distinction must be made between ioniza- 
tion and charge transfer (or electron transfer or capture), and if excita- 
tion is under study the desirability of discerning between direct excitation 
and charge transfer into excited states is obvious. With more complicated 
atomic ions colliding with atoms, questions of the state of the incident 
ion and both final products arise and an experimenter must be aware 
that a large variety of ionization and charge transfer processes may 
occur in the collisions. 

If the target system is a molecule, then dissociation, dissociative 
ionization and excitation, and ion exchange must be added to the colli- 
sion processes. If the incident ion is a molecular ion, breakup of that 
ion as well as of the target molecule must be considered and complicated 
rearrangement collisions can take place. 

Lastly, taking into consideration that the number of producible ion 
species vastly exceeds the number of neutral chemical species and that 
these ions may be multiply charged (and some of them negatively 
charged), the scope of heavy particle collision research begins to become 
evident. 

In addition to the difference in complexity of the fields of electron- 
impact and ion-impact excitation and ionization, two other basic differ- 
ences exist which are consequences of the mass difference between 
electrons and ions. The first difference is that the quantum-mechanical 
wavelength of ions is very small compared to both electron wavelengths 
and atomic dimensions. Diffraction effects are therefore absent except 
at the smallest angles and the ion trajectories are very nearly those 
predicted by classical mechanics. 

The second consequence of large ion mass is that ion excitation experi- 
ments are high-energy experiments. At low kinetic energies, ions have 
velocities small compared to the velocity of atomic electrons. The low 
energy collisions are therefore very gradual and the atomic electrons 
have ample time to adiabatically accommodate themselves to the slowly 
changing environment presented by a passing ion. The near-adiabatic 
theory of Massey (1949) holds that the cross section will be small when 
the ion velocity v < a | AE |/h, where a is a length of atomic dimensions 
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(~ 10-8 cm), 4E is the energy defect of the process, and h is Planck’s 
constant. For ionization by the lighter ions, peaks of cross section curves 
occur at energies of the order of tens of kilovolts, and at correspondingly 
higher energies for heavier ions. Complete study of inelastic ion collision 
processes requires energy sources of at least several hundred kev. The 
unavailability of inexpensive voltage supplies for these high energies 
has been a major factor causing ion collision experimentation to lag 
behind electron collision work. 


3.1 DEFINITIONS AND METHODS OF MEASUREMENT 


It is convenient to enumerate the processes in ion-neutral collisions 
in which charge rearrangement occurs and define the appropriate cross 
sections. For simplicity the ion will be assumed to be an atomic ion 
I”+ of charge ne, and the initial neutral particle will be taken as an atom, 
A. The cross section for the process 


Int + AIH + A+ + +j—n)e 


will be denoted by Q%%. 

Special designations for four cases are commonly used. If 7 > n, the 
term “ion stripping” is often applied, and if 7 < n, reference is made 
to “electron capture.” “Simple ionization” refers to the special case 
where 7 = nm and j > 0; and if i+ 7 = 2, so that no electrons are 
produced, the term “simple charge transfer’’ is appropriate. 

In carrying out experiments to measure ion-neutral collisions, a 
“fast” ion normally is made to collide with a “slow” neutral particle. 
The ion has a nearly classical trajectory and usually is deflected but 
slightly in a collision. Thus, an ion beam traversing a gas remains a 
rather well-defined beam even though inelastic collisions occur to 
alter the nature of both the incident ion and the target gas particle. 
The following particles are available for straightforward detection: 
(1) fast ions, (2) fast neutrals, (3) slow ions, and (4) electrons. Slow 
neutrals may be easily detected if they are in excited states, but this is 
usually not done in studies of charge rearranging collisions. 

The first type of experimental method, originally formulated by 
Wien (1908), is called the “equilibrium beam method” or the “multiple 
collision method.” In these experiments a beam of ions of known species 
is passed through a gas at sufficiently high pressure that each injected 
ion undergoes many collisions with the target gas before emerging at 
the end of the collision chamber. Charge-changing collisions cause the 
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original ion beam to become converted into a mixed beam containing 
fast neutrals and ions of various charges. Analysis of the emergent 
mixed beam is made to determine the numbers of the variously charged 
components. 

The quantities deduced from this type of measurement, as the pressure 
in the collision chamber is varied (so that both partially and completely 
equilibrated fast beams can be examined), are electron capture and loss 
cross sections, o,,;, where m and 7 denote the charge of the fast particle 
before and after the collision with the slow neutral. In terms of the | 
generalized cross sections defined previously, 


One = 2, O89: (5) 


Clearly, this method alone reveals nothing as to the state of the original 
slow neutral after the collision has occurred or whether the stripped 
electrons were left free or were captured by the target gas to form slow 
negative ions. The use of this experimental method and the information 
derived therefrom are treated fully in the review article by Allison (1958). 
The second experimental method might be called the “single collision 
method.” This approach utilizes target gas pressures sufficiently low 
that any incident ion undergoes not more than one collision with a 
neutral particle in the collision chamber. Slow ions formed in the 
collision chamber are collected by electric and/or magnetic fields 
sufficiently weak that their influence on the motion of the fast incident 
ions is small, and the quantity determined is the “cross section for the 
production of slow ions.” If mass analysis of the slow ions is used, 
then the cross section for production of the slow ion A’+ is given by 


QA) = > 0%. (6) 


This cross section obviously includes charge transfer as well as ioniza- 
tion processes. 

The single collision method also permits the collection of ionization 
electrons which, because of their relatively low energies and their light 
mass, can be readily collected by weak electric and magnetic fields and 
separated from any slow negative ions formed in the collisions. The 
often-measured “cross section for free electron production,” Q(e), is 
given in terms of the generalized cross sections by 


Oe) => > +7 -— 0%, (7) 


t 
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and does not delineate generally whether the electrons were stripped 
from the fast incident ions or removed from the slow neutrals. 

The low pressure used in the single collision method does, however, 
exclude the possibility of secondary processes occurring in the collision 
chamber between ions, A/+, or electrons and the target gas, A. 

Almost all experiments on charge-rearranging collisions have been 
designed to measure the total cross sections for charge capture or loss, 
slow ion production, or slow electron production. In only rare cases 
have provisions been made to measure all these quantities simultaneously, 
notably in the equipment of Fedorenko (1959) which also permits 
direction, mass, and energy analysis of both the fast and slow particles. 


3.1.1 Collisions of Protons with Hydrogen Molecules 


In this chapter where emphasis is placed on the measurement of 
ionization and excitation cross sections, it is appropriate to consider 
first the collisions p + H,. Not only is this the simplest ion-molecule 
collision, but it is one which possesses all of the major experimental 
problems encountered in more complicated collision processes. In 
addition, these collisions have been studied by practically everyone 
engaged in ion-neutral collision work; a review of work on this collision 
is in large part a review of methods of measurement. 

When a proton collides with a neutral hydrogen molecule, the following 
charge-rearranging processes are allowed by conservation of mass and 
charge: 


p+H,—>p+Hj +e (i) 
p+H+Ht+e (ii) 
p+H+t+ Ht +2¢ (iii) 


p+Ht+H- (iv) 
H +H} (v) 
H+H+H+ (vi) 


H+H++H++e (vii) 
H- + H+ + H+ (viii). 


With experimental methods commonly employed to date, this problem 
is not fully determinate since the measureables indicating charge rearran- 
gement are six in number (fast H and H~ currents and slow Hj, Ht, 
H-, and electron currents) while there are eight processes of interest. 
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The cross section for process (viii) is the double capture cross section 
o1,-1 and the sum of the cross sections for (v)-(vii) is the single capture 
cross section 0,9. Both of these cross sections have been measured 
using the equilibrium beam method (see Allison, 1958). 

Of more concern for the study of ionization phenomena analogous 
to electron-impact ionization processes are the cross sections Q(e) and 
the cross sections for slow ion production. 


Measurements of O(e). The earliest studies of the slow charged particles 
produced in p + H, collisions have been discussed by Massey and 
Burhop (1952). In 1949 Keene turned to the study of these collisions 
at energies up to 35 kev and made more careful and complete measure- 
ments. In Keene’s work a beam of ions was extracted from a low- 
voltage arc source, and the proton component of this beam was selected 
by magnetic analysis. With reference to Fig. 21, the proton beam I was 






gy Se cs POE 






Ion beam —————> 





Fe 


(a) Side view 


Le 
| Oo! | (b) Cross section 


P 


Fic. 21. Collision chamber used by Keene (1949) to measure cross sections for pro- 
duction of slow ions and slow electrons in ion-neutral collisions. 


then shot into a collision chamber through an aperture, S, passed 
through the low-pressure H, in the collision chamber, and terminated 
at a Faraday cage (F, F,, F,) where the fast ion current was measured. 
Slow ions and electrons formed along the length of the fast ion beam 
were swept by an electric field either to plates C and G, or to electrode P, 
depending on the charge of the slow particle. The electric sweep field 
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was maintained sufficiently strong that these slow particle currents 
were saturated. 

The slow particle currents were measured at the collector plate C. 
The guard plates, G, were maintained at the same potential as C to 
minimize effects of fringing fields which, in the absence of the guard 
plates, would give uncertainty in the length of the effective source of 
the slow particles. By measuring the saturated slow particle currents, 
the fast particle current, the temperature and pressure of the gas in the 
collision chamber (so that its number density is determinable), and the 
length of the collector plate C, all data are available for use in (1) to 
determine the absolute total cross sections for production of electrons 
and slow ions. 

Keene also performed experiments in which a small hole was put 
in the collector plate so that slow ions could be drawn through the plate. 
Stopping potential experiments on this slow ion beam indicated that 
the ions did indeed originate at the position of the fast ion beam and 
that the energy spread of the slow ions emerging through the hole in 
the plate was quite small. He also performed mass analysis of these 
ions and found that only a few per cent of them were protons; the 
bulk of the ions were Hj, suggesting that the major collision processes 
occurring were (i) and (v). 

Several experimental questions may be raised in regard to Keene’s 
experiments. The first and principal question is the role played by 
secondary electron effects. Such effects can arise from (1) secondary 
electron emission on slow ion impact, (2) photoelectric effect (caused 
principally by radiation produced in the p + H, collisions and by soft 
X-rays produced at the electron collector), (3) electron ejection by slow 
metastable atoms produced in the collisions, and (4) secondary electrons 
produced by fast ions which are scattered from the primary ion beam. 
All these effects should make the apparent cross sections larger than 
they should be. When collecting electrons at C, secondary electrons 
produced at P add to the gas-phase-collection-produced electrons, and 
when collecting ions at C the loss of secondary electrons would make 
the measured current larger than the true slow ion current. 

The second question is the reliability of the slow ion analysis. If 
protons were produced as a result of collisions in which H, molecules 
or Hj ions were left in excited repulsive states which subsequently 
dissociate, the protons would be expected to be formed with kinetic 
energies of several ev. The initial kinetic energies of ions produced by 
processes (i) and (v) would be small by comparison. When electrostatic 
fields are used to extract the slow ions and form them into a beam for 
subsequent mass or energy analysis, the slower molecular ions are collected 
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more efficiently than the faster protons formed by dissociative processes. 
Consequently, the measured ratio of atomic to molecular ions should 
be but a lower limit of the true ratio of these ions. And the measured 
small energy spread of the slow ions might indicate only that the protons 
produced in the collisions were simply not being efficiently collected. 

In making an improved series of measurements of the p + H, colli- 
sions, Fogel et al. (1955) used a more refined apparatus in which 
secondary electron emission and photoelectric effect at the collection 
electrodes were assessed. Their apparatus, which was built for measuring 
electron capture and loss cross sections as well as slow particle production 
cross sections, consisted of a series of parallel-plate condensers. Any 
of these could be used for the measurement of the slow particles with 
all the others acting as guard plates. In addition, they provided a 
magnetic field of about 300 oersteds parallel to the fast ion beam. This 
magnetic field not only prevented the fast ion beam from spreading 
as it traversed the collision chamber but also permitted the assessment 
of spurious electron currents at the condenser plates. 

The procedure used in the experiment of Fogel e¢ al. was to measure 
the positive and negative saturation currents at a collector plate first 
without and then with the longitudinal magnetic field. Without the 
magnetic field, the current measured when positive ions were collected 
was 


1, =1,+1 


where 2, is the true ion current and 2, is the secondary electron current 
between the condenser plates. When collecting negatively charged 
particles, the current was 


1_=1i,+4, 


where 7, is the current of electrons produced in ionizing collisions in 
the gas phase. Upon applying the magnetic field in which the electron 
Larmor radius was small compared to the physical dimensions of the 
collector plates, secondary electrons were returned to the electrode of 
their origin, and electrons produced in the gas-phase ion-molecule 
Collisions would be trapped along the fast ion beam and constrained 
from reaching the condenser plates. Thus, with the magnetic field, 


ggg 
ar => ty 
and 
iH = 0, 
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By combination of the current readings, 7; could be evaluated, so per- 
mitting both the true slow ion and ionization electron currents to be 
determined. 

Another method of combating the difficulties of secondary electron 
effects is to use electrostatic suppression of electrons produced at the 
ion collecting plate. In the measurement of Q(e) with Keene’s apparatus, 
this modification would replace the plate P with a highly transparent 
wire grid below which the new ion collector plate would be placed. 
By biasing the plate about 20-volts positive to the grid, secondary 
electrons produced at the new ion collector plate would be prevented 
from leaving it. Secondary electrons produced at C would, of course, 
be returned to that electrode by the electric sweep field when collecting 
the electrons produced in the p+ H, collisions. If only this single 
grid is incorporated into Keene’s apparatus, slow electron currents 
must be measured at C and that slow ion currents must be measured 
at the new plate below the grid. 

A single grid was incorporated into the design of the equipment 
used by Kistemaker and his collaborators (de Heer et al., 1957; Sluyters 
et al., 1959; Sluyters and Kistemaker, 1959) to measure electron capture 
and loss cross sections and electron production cross sections in a 
number of gases. Fedorenko and associates (1956) used grids over both 
plates of their condenser in order to permit measuring slow ion and 
slow electron currents at only one plate (upon reversal of the direction 
of the collection field). 

In the very recent high-energy experiments (up to 1.1 Mev) of 
Hooper and associates (1961) a series of segmented condensers similar 
to those of Fogel et al. were used, with grids covering both plates. 

Gilbody and Hasted (1957) used two configurations in which grids 
were placed before one and both plates, respectively, of their condenser, 
and introduced another innovation, namely, a magnetic field parallel to 
the electric field used to collect the slow particles. The use of this 
type of magnetic field offers several advantages not the least of which is 
that by magnetically confining electrons which can reach the collector 
to the volume below the electron collector, the effective length of the 
line source of slow particles is the linear dimension of the fast ion beam 
below the electron collector. The magnetic field accomplished the same 
thing as the guard plates G of Fig. 21. In addition, the magnetic field 
can be made to contain all electrons produced in the collisions and 
permit somewhat weaker electric collection fields to be used. The 
possibility that energetic electrons might escape collection by passage 
through the open sides of a simple parallel plate condenser such as 
was used by Fogef et al. is also clearly obviated. 
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The results of various recent measurements of the cross section for 
free electron production in p+ H, collisions are shown in Fig. 22. 
While the general pattern of the cross section is well defined from the 
work of various experimenters, the not insubstantial discrepancies 
attest to the difficulty of making this type of cross section measurement. 


Other Ionization Measurements.'The value for the total cross section 
for electron production Q(e) is the sum of the cross sections for processes 
(i), (11), and (vii) given previously, plus twice the cross section for 
process (iii). It is interesting to attempt to ascertain the relative impor- 
tance of these processes in producing free electrons. Several methods 
have been used. 

The first study to this end has already been mentioned. Keene (1949) 
upon mass analyzing his slow ions found that for ion energies up to 
35 kev, only a few per cent of the slow ions he could detect were protons. 
Although the major portion of the slow Hj ions were produced through 
process (v), as implied by the smallness of electron signals compared 
to total slow ion signals, it could be concluded that in his energy range 
the major electron-producing process was (i). It is probably not safe 
to make more quantitative deductions from Keene’s mass spectrometer 
measurements, however, because of the fact that the Ht ions may have 
been formed with substantial initial kinetic energy by dissociation of 
highly excited Hj. It is probable that the collection efficiency of Keene’s 
mass spectrometer for the protons was not as high as for the Hj ions. 

More recent studies have been guided by broader considerations than 
Keene’s and have attempted to exploit several avenues of approach. If 
One assumes that processes yielding protons [e.g., (ii) and (iii)] are in 
fact processes in which the incident proton ionizes the molecule and 
leaves it in an excited state, following which the excited molecular ion 
breaks up, then several predictions can be made. 

The first begins by noting that associated with each excited molecular 
ion state there is an energy defect AE which is usually taken as the 
energy to make a Franck-Condon transition from the ion ground state 
to the excited state (less the ionization potential of the hydrogen atom in 
the case of charge transfer collisions). The near-adiabatic theory of 
heavy particle collisions predicts that the maximum cross section value 
should occur at an ion energy which is related to the energy defect. 
Thus, by examination of the shape of the cross section curve for pro- 
duction of a given fragment ion, particularly noting the energy at which 
the peaks of the curve occur, the energy defect in the process can be 
estimated and the most likely states of the molecular ion prior to breakup 
may be determined. Lindholm and his associates (von Koch and 
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Lindholm, 1961; Gustafsson and Lindholm, 1960) have contributed 
particularly to the development of this type of study. 

While this approach is quite appealing in principle, it is possessed 
of several practical difficulties. First, the cross-section curve for any 
given excitation process varies slowly with ion energy and accurate 
location of the energy at which the maximum occurs is often difficult. 
Second, several simultaneous processes generally contribute to the 
production of a given fragment ion and detail is further smeared out. 
Third, the near-adiabatic theory can at present be regarded as only 
semiquantitative. Nonetheless, considerable insight into processes 
yielding slow ions has been obtained from such studies. 

A second method of obtaining information on the separate ionization 
processes is to study the energy and angular distribution of the slow 





Fic. 23. Apparatus of Afrosimov and Fedorenko (1957) for investigating mass, 
kinetic energy, and angular distribution of secondary ions formed in ion-neutral collisions. 
A, mass analyzer chamber; P, pole pieces; D, electron multiplier; I,, I;, Is, insulators; 
T, liquid air trap; E, magnetic shielding; M and K, auxiliary electrodes; H, diffusion 
Pumps; F and G, tubes for admission of gas to the collision chamber and vacuum gage 
Connection; C,, collector for primary ions; B, collimator and electrode system for retarding 
Potential studies on the ions; S,, S., S3, slits. The angle @ ranges from — 2° to + 14°. 
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secondary ions. The most complete study of this kind is that of Afrosimov 
et al. (1958) who used the apparatus shown in Fig. 23 (Afrosimov 
and Fedorenko, 1957). The fast ion beam entered from the right and 
after passage through the slits S, and S, underwent collisions with the 
target gas. A probe introduced at the side of the collision chamber 
sampled the slow ions produced in the collisions. This probe contained 
a collimator, so that only a very small length along the fast ion beam 
was viewed and the slow ions originated from an apparent “point” 
source. A set of three grids was included in the probe with which 
retarding potential data could be taken to determine the energy of the 
ions. The entire probe was affixed to the apparatus with flexible bellows 
to permit observation of the slow ions emitted over angles from 76° to 
92° with respect to the fast ion beam. In studying angular distribution 
of the slow ions, it was necessary that no ion extraction fields be used 
in the collision chamber, for such fields would alter the direction of 
ion motion. Omission of extraction fields also removes any question 
of the relative efficiency of collection of the various slow ion species, 
a problem which has been discussed earlier in regard to the experi- 
ments of Keene (1949). 

Of interest to consider is the slow proton energy distribution, since 
their energy indicates the state of excited H which broke up to produce 
them. As a case in point, protons with zero energy can be produced by 
Hj excited to the #2, state, while Hj(?2y) will dissociate to produce 
protons in the 5 to 7-ev range. If the molecule is sufficiently excited in 
a Franck-Condon transition that it will break up to yield two protons, 
their energies will be in the range 7.5-10 ev. The finding of Afrosimov 
et al. (1958) that at a primary proton energy of 75 kev only an insigni- 
ficant fraction of the protons carried energies from 7 to 12 ev indicates 
that at this energy processes (iii) and (vii) contribute negligibly to the 
electron production. 

It is worth noting that extreme care must be applied to the inter- 
pretation of measurements of the energy and direction of motion of 
secondary ions. From the requirement of simultaneous conservation of 
energy and momentum in an ion-neutral collision, it can be shown, for 
example, that in a simple ionization process such as process (i), the 
secondary ion must receive some kinetic energy for incident ion energies 
less than (1 + M/m) I, where m is the electron mass, M is the incident 
ion mass, and J is the ionization threshold. The actual energy, direction 
of motion, and state of the secondary ion are uniquely defined only if 
the energies and directions of motion of both the primary ion and the 
electron are known. Thus, while in the experiments of Afrosimov ¢ 
al the absence of protons above 7 ev implies negligible contributions 
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from processes (iii) and (vii), the presence of lower energy protons does 
not necessarily imply excitation of Hj to say, the #2), repulsive state. 
Even though the breakup of a molecule at rest in this state would 
roduce ions in the 5- to 7-ev range, dissociation of a moving mole- 
cule in the 22, state can also produce energetic protons even though the 
proton energy in the center-of-mass system of coordinates is very small. 
Information on the elementary electron producing processes can also 
be obtained by studying the energies of the electrons. Experiments of 
Moe and Petsch (1958) determined by magnetic analysis the electron 
energy spectra in collisions between potassium ions and inert gases at 
ion energies up to 900 ev and revealed quite complex spectra. Particularly 
interesting is the fact that their results were in qualitative agreement 
with the Weizel-Beeck theory of ionization by positive ions, which 
holds that an electron may be ejected by an Auger process when the 
ion-atom internuclear separation reaches a value at which the energy 
of the ion-atom system equals that of the ion-ion system. Several peaks 
appearing in the electron energy spectra suggest that if this interpretation 
is correct then the mechanism is operative with more than one energy 
level in the ion-ion system. Unfortunately, Moe and Petsch apparently 
did not extend their work to the collisions of protons and hydrogen 
molecules. 


3.1.2 Collisions of Protons with Hydrogen Atoms 


From the foregoing discussion it is seen that even in the simple p + H, 
collisions, interpretation of experiments in terms of the elementary 
processes which can occur is quite complex. A much simpler collision, 
although more difficult with which to experiment is the collision between 
protons and hydrogen atoms. Since there is only a single electron 
involved and only two nuclei, the only question about charge-rearranging 
collisions is whether the electron is transferred to the incident proton 
or whether the electron is left free. Electron production is identical 
to simple ionization. The entire collision is thus specified by determining 
only two cross sections and by measuring any two products of the 
collision. 

Because of the extensive theoretical background on p + H collisions 
(see Chapter 14) it was only natural that these be the first ion-neutral 
Collisions to be studied experimentally following the development of 
modulated-atomic-beam techniques. Fite et al. (1958) first measured 
the cross section for slow proton production below 10 kev, but inade- 
quate signal-to-noise ratio prevented separation of charge transfer and 
ionization processes. In a later improved experiment (Fite et al., 1960) 
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both ionization and charge transfer up to ion energies of 40 kev were 
studied. 

In both experiments, the approach was similar to that used in studying 
the ionization of atomic hydrogen on electron impact (see Fig. 2). 
The only differences were that a proton beam replaced the electron 
beam and, in addition to detection of slow ions with a mass spectro- 
meter, a second detector which did not discriminate against particle 
mass was used. This second detector consisted of a pair of plates on 
either side of and parallel to the plane defined by the two intersecting 
beams. In concept the method is identical to that used by Keene (1949) 
in his studies of charge transfer and ionization between ions and chemi- 
cally stable gases. With a reversible electric field between the plates, 
either all slow positive ions or all slow electrons could be drawn to one 
of the two plates where a preamplifier separated the ac currents due 
to the two intersecting beams from the dc background ion currents. 
A magnetic field parallel to the electric field (similar to that of Gilbody 
and Hasted, 1957) was used in the later experiments to confine the slow 
particles until the imposed electric field could sweep them to the current 
detector. Comparison of the electron currents with the slow ion currents 
yielded the ratio of the ionization cross section Q,(e) to the sum of the 
charge transfer and ionization cross sections. 

In order to determine absolute values in these experiments, a procedure 
similar to that employed in assigning absolute values to the electron- 
impact ionization cross section of H was used. By varying the furnace 
temperature with a fixed mass flow in the neutral beam, the dissociation 
fraction of the neutral beam could be varied arbitrarily, and from the 
slow ion signals (using either slow ion detector) ratios of atomic to 
molecular cross sections could be determined. 

The atomic cross section Q, is the sum of the charge transfer and 
ionization cross sections. The molecular cross section is somewhat more 
complicated. When the parallel plate detector was used, the cross section 
for the production of all slow ions, irrespective of e/m, was appropriate. 
The eight processes yielding slow ions in p+ H, collisions group 
themselves so that the cross section of interest, Q,(H+ + H;) = 
81,9 + Q,(e) + OU, 1, — 1) + o,_, where o,,9 is the electron capture 
cross section, Q,(e) is the total cross section for production of free 
electrons, and the two last cross sections are for the processes p + H,—> 
ptp+H-and p+H,—H-+p+ 4, respectively. Since no slow 
negative ion signals could be detected in the mass spectrometer, 
Q(1, 1, — 1) could be neglected at the energies of these experiments, 
and measurements of Stier and Barnett (1956) had shown that oj,-1 
has values of only about 0.01 o;,) in the energy range of interest, so it 
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too could be neglected. When a purely molecular beam was run, data 
could be obtained from which Q,(H+ + Hj) could be related to o,,5 for 
p + H, collisions. Thus, the experiment measured the ratio Q,/0,,9(H,). 
Absolute values for Q, were then obtained by using the values of the 
molecular electron capture cross section which was determined absolutely 
by Stier and Barnett (1956) and by Curran et al. (1959). 

From the ratio Q,(e)/Q, obtained by comparing slow particle signals 
upon reversal of the collection field and absolute values for Q,, the total 
ion production cross section, absolute cross sections for ionization of 
the hydrogen atom could be assigned. Figure 24 shows the results of 
this cross section measurement and the Born approximation prediction 
made by Bates and Griffing (1953). For comparison, the charge transfer 
cross section is also shown in this figure. 


p+H=H+p (EXPERIMENTAL) 


@ x 10'%cm?) 


p+H~2pte 
BATES AND GRIFFING 


{ EXPERIMENTAL 





6 8 10 20 30 40 60 80 100 
ION ENERGY (KEV) 


Fic. 24. Cross section for the process p + H — 2p + e (Fite et al., 1960) compared 
with the Born approximation prediction (Bates and Griffing, 1953) and the charge 
transfer cross section. 


It is of some interest to compare the predictions of electron-impact 
with proton-impact ionization of atomic hydrogen, and this is shown 
in Fig, 25, where the abscissa is the relative velocity between the colliding 
systems. The discrepancies between the Born approximation appear 
quite similar in both cases. 
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In the same series of experiments the charge transfer and electron 
production cross sections for H~ + H collisions were also carried out 
(Hummer et al., 1960) in the same manner as the p+ H collision 
experiments. The only important difference in experimental technique 
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e+H (BORN 
APPROXIMATION) 
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MENTAL) 
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Fic. 25. Comparison of ionization of atomic hydrogen on proton impact (Fite et al., 
1960) and electron impact (Fite and Brackmann, 1958a). 


was that here a weak magnetic field could be superposed parallel to the 
neutral beam. With this field off, both electrons and slow negative ions 
were indiscriminately detected together, but when the field was turned 
on electrons were prevented from reaching the collecting plate and 
only the slow negative ion current was measured. Thus, charge transfer 
and electron production processes could be separated in spite of both 
ions and electrons having negative charges. 


3.1.3 Ionization in Other Ion-Neutral Collisions 


It is appropriate to re-emphasize that the case of proton-hydrogen 
collisions was chosen in this discussion as an experimental problem 
with which to illustrate the various basic techniques employed in the 
laboratory study of charge-rearranging collisions. These problems have 
in fact constituted only a very small fraction of the work which has been 
done in ion-neutral collision processes. 

Because it is the intention in this chapter to concentrate on measuring 
techniques rather than on results, detailed discussion of results on other 
ionization processes involving ions and neutrals will be omitted. The 
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reader is referred to a recent excellent review by Fedorenko (1959) 
concerning ionization in collisions between positive ions and atoms 
generally. Negative ion stripping is treated in Chapter 18. 


3.2 ExcITATION 


The area of ion-impact excitation and charge transfer into excited 
states is very unexploited, compared to those processes which can be 
detected by the appearance of a charged particle. While several experi- 
ments on excitation of spectra have been carried out, very few have 
been done with the care required for a cross-section measurement. 
Two sets of experiments are particularly pertinent to discuss, however. 

The first have been the experiments of Fan (1956), Carleton (1957) 
and Carleton and Lawrence (1958) on excitation of N, on proton 
impact, a process of particular importance in understanding the excita- 
tion of aurora by protons of solar origin. Carleton’s apparatus was, 
very simply, an analyzed proton beam of diameter about 1/16 in., and 
energy of a few kev, which passed through nitrogen gas at pressures 
from 0.5 to 50 w Hg. The light excited by the narrow beam along its 
length was the source for a liquid prism spectrograph. Primary or 
single collision processes were distinguished from multiple collision 
processes on the basis of the dependence of the signal on N, pressure. 
Spectrograms were taken in Carleton’s first experiment which showed 
the first negative bands and the Meinel bands of Nj which were produced 
in single collision processes. The first positive bands of neutral N, 
were seen also and were found to have a quadratic pressure dependence 
indicating that a product of the p + H, collision interacts with a second 
N, molecule. The product is identified on the basis of convincing 
experimental argument as a fast H atom formed by charge transfer. 
Carleton’s spectra also show the Balmer lines formed in both a single 
and a double collision process. The single process is presumably electron 
Capture into excited states, and the double process is interpreted as 
capture of the electron by the proton to form ground state H, with a 
subsequent neutral-neutral collision exciting the newly formed hydrogen 
atom. 

Carleton and Lawrence (1958) went on to place absolute values on 
the excitation cross sections for p + N, excitation collisions. In these 
experiments, the spectrograph was replaced by a set of interference 
filters and detection was made with a photomultiplier rather than with 
a photographic plate. Jn situ calibration of the multiplier was provided. 
Also, these experiments included a simple charge transfer chamber of a 
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kind similar to that used by Keene (1949) so that a comparison of charge 
transfer, ionization, and excitation could be made simultaneously. 

Fan’s experiments on the p + N, excitation were similar to Carleton’s 
first experiment except in two regards. First, he used a much wider 
ion energy range, extending up to 350 kev, and second, his detector 
was a grating spectrograph. 

Probably the most comprehensive work on excitation processes other 
than those related to auroral excitation phenomena has been that 
carried out by Sluyters and Kistemaker (1959) who studied the excita- 
tion processes in collisions between singly charged argon ions and 
various inert gases. Their experimental plan is shown in Fig. 26. The 
energy range was 5-24 kev and their detector was a vacuum grating 
monochromator, permitting a wavelength range from 1000 to 6500 A, 
and a photomultiplier which was calibrated im situ using a Philips 
tungsten standard light source. At the shorter wavelengths a sodium 
salicylate film was used to convert ultraviolet photons into visible light 
which could pass through the multiplier envelope. 

These experiments also coupled electrical measurements of charge 
transfer and electron production with the optical measurements, as in 
the experiment of Carleton and Lawrence. The necessity of making 
these concurrent measurements arose from the fact that the gas in the 
collision chamber was at sufficiently high pressure that the incident ion 
beam became altered along its path length by charge changing collisions. 
Measuring slow ion production along the beam may be used to deter- 
mine the actual ion and fast atom currents at the portion of the beam 
length which is the effective source of the radiation. These separate 
current components must be known for the measurement of absolute 
excitation cross sections. 


TABLE III 


SpecTRAL Lines DETECTED By SLUYTERS AND KISTEMAKER (1959) 
IN THEIR STUDIES OF ION-NEUTRAL COLLISIONS 





Reaction Spectra* 





Art-He ArlII (52) Hel (6) 

Art-Ne ArII (30) NeI (5) Ne I (24) 

Art-Ar Ari (19) Ar II (120) Ar III (10) 

Art-Kr ArI (12) Ar II (60) Ar III(8) KrI (13) KrIl (64) Kr I11(24 
Art-Xe ArI (12) Ar I1(82) XelI (15) XelII(90) Xe III (14) 





* The numbers in parentheses are the numbers of identified spectral lines. 
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Fic. 27. Cross sections for excitation of several lines of singly ionized argon in 
collisions between Art and He (Sluyters and Kistemaker, 1959). 
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Fic. 28. Cross section for excitation of the 2475 A line in singly ionized xenon in 
collisions between Art and Xe (Sluyters and Kistemaker, 1959). 
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Table III lists the arc and spark spectra detected by Sluyters and 
Kistemaker in the different collisions. 

Most spectra were observed in the spectral range 3000-5800 A and 
fall within the following categories: (1) excitation of the incident ion 
by the neutral, (2) excitation of the neutral, (3) single and double 
ionization of the neutral to excited ion states, and (4) charge transfer 
to an excited state of the neutralized incident ion. A typical result of 
these experiments is shown in Fig. 27, which presents cross sections 
for excitation of an incident argon ion on passage through helium gas. 
A less typical result, displaying a remarkable and unexplained maximum 
et 13 kev, is shown in Fig. 28. This is the cross section for ionization 
and excitation of xenon on impact by argon ions and atoms. 


4 Neutral Impact Studies 


No discussion of ionization and excitation cross section measurement 
would be complete without at least a brief reference to work collisions 
between two neutral particles. Massey and Burhop (1952) present a 
discussion of work prior to the year of publication of their book and 
outline the basic experimental methods employed in subsequent experi- 
ments. The experimental technique which is commonly used is to 
first produce a beam of ions and pass this beam through a collision 
chamber where charge transfer collisions neutralize a small fraction of 
the ion beam. The mixed beam then leaves the collision chamber and 
passes through a transverse electric field which removes charged particles 
from the beam. The fast neutral beam remaining then enters a second 
collision chamber. 

In studying ionization, one of the various devices for detection of 
free electrons is situated in the second collision chamber. From knowledge 
of the initial fast ion current, the geometry and pressure in the first 
collision chamber and the charge transfer cross section for the ion and 
the gas in the first collision chamber, the fast neutral current is calculated, 
and it is this which is the primary current used to determine the neutral- 
neutral electron production cross section in experiments carried out in 
the second collision chamber. It is assumed that those fast neutrals 
teaching the second collision chamber have the energy of the primary 
fast ion beam. 

With the exception of the introduction of a charge transfer or first 
Collision chamber, the experimental techniques are identical to those 
used in ion-neutral collisions and thus warrant no further discussion 
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here. Particularly interesting recent experiments on ionization in neutral- 
neutral collisions are those of Sluyters and associates (1959) on argon- 
inert gas collisions, and experiments of Bydin and Bukhteev (1960) on 
ionization produced in collisions of the alkalis with stable gas molecules, 
and the reader is referred to these original articles. 


5 Electron-Ion Collisions 


This chapter has, at numerous points, discussed novel experimental 
methods for application to what are basically “old” problems, i.e., 
problems on which considerable prior experimental work had been 
done. A very recent advance in atomic collision research has been the 
initiation of experimental research on excitation and ionization in 
collisions between charged particles, principally between electrons and 
ions. In this area, for which there is no experimental precedent, nothing 
has been published as yet, but the importance of this type of experiment 
for interpretation of thermonuclear fusion experiments and astrophysical 
phenomena warrants here a brief mention of research in progress. 

The basic problem in the experimental study of collisions between 
electrons and ions is the small target particle (ion) density which can 
be achieved in most experiments. As a case in point, a helium ion beam 
of 5-kev energy and a current density of 10-5 amp/cm? has a number 
density of the order of 108 ions/cc. When it is realized that this number 
density is 6 orders of magnitude less than the number density of target 
molecules in ordinary collision experiments and 2 orders of magnitude 
less than the atom density in modulated-atomic-beam experiments on 
atomic hydrogen, the difficulties of these experiments may be appreciated. 
Nonetheless, the sensitive current detection instruments now available 
make it possible to perform experimentation in crossed-beam configura- 
tions on electron-ion ionization phenomena. 

The first such experiment to near completion is that of Dolder 
et al. (1961) who have studied the simple ionization problem e + Het — 
2e + He++ which is closely analogous to electron-impact ionization of 
atomic hydrogen. Their apparatus, which is illustrated diagrammatically 
in Fig. 29, consists of two ion-analyzing magnets with an intermediate 
electron gun. The first magnet selects a beam of He*+, and the second 
magnet separates the Het+ from the Het primary beam. 

The principal source of noise in this experiment is the production 
of He++ by stripping collisions of He+ with residual gas in the vacuum. 
To isolate the doubly charged ions which are produced by this cause 
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is used. The analyzed He+ beam which enters the electron gun region 
is square-pulsed with a 50% duty cycle at an audio frequency, the pulsing 
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Fic. 29. Experimental plan of Harrison et al. (1961) for the study of the cross 
section for the process e + He* — 2e + Het* (crossed beam apparatus). 


being produced by electric field deflection of the ion beam between the 
first magnet and the gun entrance slit. The electron gun current is also 
pulsed at the same frequency as the ion beam, but the duration of the 
electron pulses is less than that of the ion pulses. By first noting the 
He++ signal when phasing the electron pulses to lie completely within 
the ion pulses, and then subtracting the signal when the electron pulses 
are phased to lie completely outside the ion pulses, an indication of the 
He++ current component due to electron-impact ionization is obtained. 
The signal detectors are de devices which permit simple and accurate 
calibration, and time-averaged currents under the two conditions are 
the measured quantities. 

Experimental variations of this approach are obvious, and the success 
of the experiment of Dolder et al. implies considerable promise that 
other ion-electron collision cross section measurements may be success- 
fully carried out. Particularly promising are experiments on e + Hj > 
2e + 2H*+ which is under study at the Oak Ridge National Laboratory 
and on e + H- > 2e + H, the cross section for which has been cal- 
Culated by Geltman (1960) and which is being examined experimentally 
at the National Bureau of Standards in the United States. 

While the above-mentioned experiments are ionization experiments, 
the prognosis that excitation cross sections in electron-ion collisions 
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can be measured also appears good. While severe signal-to-noise diffi- 
culties in such experiments are expected (since an ion source itself is 
such a strong source of the radiation to be detected in an exciting 
collision between an electron and an ion), the fact that the ion can be 
given considerable velocity prior to its interacting with a crossed- 
electron beam permits one to Doppler-shift the excitation radiation away 
from noise radiation from the ion source. Indeed, Branscomb (1960) has 
designed an experiment employing this scheme to study the excitation 
of the H and K lines in Cat. 

Other experimental approaches to the study of electron-ion collision 
phenomena involve increasing the ion density by passing beams through 
plasmas. The thermal plasmas producible with cesium are particularly 
appealing in studying properties of the Cs+ ion, and an even more 
interesting experiment is the study of excitation of O5+ on electron 
impact, which appears possible using magnetically confined plasmas of 
the type which have been developed in controlled thermonuclear 
research. 

It seems likely that the study of high energy interactions between 
electrons and ions, and then between ions and ions, will constitute 
a major area for atomic collision cross section measurement in the 
future. 
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The study of the optical spectrum was, until fairly recently, the only 
tool at man’s disposal in investigating the properties of bodies at extre- 
mely high temperatures. Even now that large scale plasmas can be 
Controlled on earth, it retains an important role in one’s knowledge of 
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this state of matter. Some of its applications have been reviewed in 
Chapter 5 of this book. The present contribution is a survey of some 
recent developments in the theory of line shapes in plasmas. At suffi- 
ciently high densities, these shapes are due to interactions between the 
light-emitting atom and electrons or ions of the plasma. This is the 
justification for including the topic in this book. But, whereas most 
other chapters of the book are concerned with atoms in or near their 
ground state, line broadening affords a way of studying scattering or 
interaction of electrons and ions with atoms in highly excited states. 

One important application is as a diagnostic tool in determining ion 
densities (cf. Kolb and Griem, Chapter 5, § 7.4). The line shapes are 
usually rather insensitive to the temperature, unless Doppler broadening 
dominates, so that temperature has to be determined in other ways. 
On the other hand, this means that it is not essential to have thermal 
equilibrium before one can apply the theory. The accuracy expected in 
the determination of the density is of the order of 20%. Another applica- 
tion is to opacity calculations. Those are often done by including only 
the continuous spectrum, but lines can actually increase the opacity by 
a sizable factor, most of the effect coming from the merging together 
of lines at high quantum numbers. 

It is not our purpose here to provide a complete review of the theory 
of pressure broadening. This has already been done in several recent 
articles (Unséld, 1955; Ch’en and Takeo, 1957; Breene, 1957; Traving, 
1960). Rather, we want to restrict ourselves to broadening in a plasma 
because it is both the latest and the most accurate application of the 
general theory. We shall say nothing about molecular lines except this: 
while the same methods are used in calculating broadening in molecular 
spectra and in plasmas, the plasma calculations are more reliable because 
the forces there are simpler and have longer range. As a result of the 
long range, most of the broadening comes from weak collisions which 
are amenable to some kind of perturbation treatment. 

The subject of spectral line broadening in plasmas has recently been 
reviewed by Margenau and Lewis (1959). We feel that the present 
endeavor is worthwhile, however, first because their article was written 
just before the first realistic calculations were done, second because we 
must take exception with their claim that the classical path approxima- 
tion is not valid for electrons. We hope that the following will convince 
the reader that the classical path picture is good and that, moreover, 4 
completely quantum mechanical calculation can be organized along 
lines very similar to the classical one, so that the validity of the latter 
is obvious at every step. 

Considerations of space have prevented us from doing full justice 
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to the broadening effects of both electrons and ions. We decided to 
stress the electrons because this is the newer development and also, 
now, the best known. The ion effect if considered only briefly in § 6. 


2 Basic Considerations 


2.1 Causes oF LINE BROADENING IN IONIZED GASES 


If the line originates in optically thick material, as happens often in 
astrophysics, its shape is strongly influenced by the successive emission 
and absorption processes that take place before the light escapes. This 
self-absorption effect is not the subject of the present review. In principle, 
it can be calculated if one knows the line shapes for optically thin samples 
and the conditions inside the thick material. 

Other broadening effects that might be expected to compete with 
pressure broadening are Doppler broadening and natural broadening. 
The latter is due to the finite lifetime of the atomic excited state, arising 
from light emission itself. In all practical cases, it gives rise to widths 
that are orders of magnitude smaller than the observed ones. Hence it 
can be safely neglected, i.e., one can proceed as if an isolated excited 
atom went on emitting light forever. 

As for Doppler broadening, it can be quite important, especially at 
high temperatures or low densities. For instance, for temperatures in 
the volt range, Doppler widths will often exceed pressure widths at 
electron densities of the order of 1015 cm or smaller. However, the 
theory of the Doppler effect is quite simple (Born, 1933). If M is the 
mass of the light-emitting atom or ion, w the angular frequency, and 
wy the unperturbed frequency, the line shape is 


(aserog) ? [- ger (75) 


2ahTw? - Wer (1) 


Wo 


After the effects of pressure broadening on the spectrum have been 
completely computed, one needs only to fold the above line shape into 
the result in order to incorporate Doppler broadening in the calculations. 

Thus, the major effect to be considered is pressure broadening, 
which is caused by the perturbation of the light-emitting atom by other 
Particles of the gas. The perturbers may be either neutral or charged, 
but the effect of charged ones is so much greater that neutral perturbers 
Can be neglected as soon as there is any appreciable ionization. Hence 
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there are two main broadening agents, ions and electrons. It was 
believed at one time that the effect of the electrons averaged out because 
of their fast motion and that only ions needed to be considered. This is 
definitely not true: for most atoms, electrons have a larger effect than 
ions; and for hydrogenic atoms, although the general aspect of the line 
can be obtained with ions alone, electrons constitute an important source 
of additional broadening and are essential if more than order-of- 
magnitude estimates are desired. 

The difference between ions and electron comes only in their speed, 
not in the way they interact with the atom. The latter is the same for 
both, namely, the Coulomb interaction between the perturbing charge 
and the charged components of the atom. This may be approximated 
because most of the broadening is usually due to fairly distant perturbers. 
Hence it is usually sufficient to keep only the first term in a multipole 
expansion of the interaction, i.e., to write it 


V=—d-E (2) 


where d is the operator dipole moment of the atom and E the electric 
field produced by the perturbers at the center of the atom. This is for 
a neutral atom; if it is an ion which emits the light, one has to include 
also the zeroth order term of the expansion, the Coulomb potential 
Z,2,¢*/r, r being the distance between the perturber and the center of 
the ion, and Z, and Z, the two charge numbers. 

Since this is also the basic interaction in Stark effect, pressure broaden- 
ing by ions and electrons is also referred to as Stark broadening. In the 
past this appellation has usually implied a point of view, namely, that 
the electric field is nearly static or that the motion of the perturbers is 
slow. On the other hand, the term “collision broadening” has been 
used also with a point of view, namely, that the motion is fast. The two 
effects are one and the same, of course. This is why we have used 
“pressure broadening,” which is neutral and includes them both. The 
simplifications that arise in the theory in the limits of slow or fast 
motion will be considered shortly, in § 2.4. 


2.2 THe SPECTRUM OF A QUANTUM MECHANICAL SYSTEM 


The system considered consists of a single light-emitting atom (which 
may also be an ion) immersed in a gas of perturbers. Perhaps the simplest 
point of view to take (Weisskopf, 1932; Jablonski, 1945) is to consider 
the whole system as a single quantum mechanical object, a gigantic 
molecule, with certain energy levels and stationary states. Then, the 
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power radiated in the transition from initial state z to final state f, 
integrated over direction and summed over polarization, is given by the 
well-known formulat (Schiff, 1955, p. 261) 


(4wj7/3c3) | <f|d 1 i> P (3) 


where w,; = w, — w, is the frequency and d is the dipole moment of 
the whole system. The latter can be replaced by the dipole moment of 
the atom because we are interested in line shapes, not in that part of 
the spectrum which involves radiation by the perturbers and which 
forms a continuum. 

To get the complete spectrum, one must sum over all possible final 
states and average over initial states, each of which occurs in the statis- 
tical ensemble with a certain probability, say p; Hence, the power 
radiated per unit frequency interval, P(w), is given by 

P(w) = (4w4/3c3) F(w) (4) 
with 
F(w) = Edw — wy) |<f1d 12 P pe (5) 


The double summation runs over all states of the system, but it is only 
for positive w that P(w) or F(w) describe spontaneous emission. For 
negative w, P(w) is the energy absorbed out of a beam containing one 
photon per cross-sectional area 7?A?, where A = c/| w |. For simplicity, 
we refer to F(w) as “the spectrum,” or “the line shape,” since it is the 
more useful of the two functions. Its Fourier transform is more useful 
yet, 


Ps) = | e eW10* F(w) dw (6) 
= Detour | Cf 1d 16> P pe (7) 
if 
It satisfies+ 
O(— s) = [®(s)]* (8) 


and F can be calculated back from 
Flw) = 7 & [oe Ws) ds (9) 
0 
where & means the real part. 


t A sum over the three components is implied in all equations involving the square of 
the dipole moment. 
+ We use * for complex conjugate, t for Hermitian conjugate. 
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Since the system considered is macroscopic, the summations in (5) 
and (7) are really integrations and the functions F(w) and Qs) are 
continuous, the latter tending to zero for large |s|. There is a very 
simple interpretation for ®(s): it is the autocorrelation function of the 
light amplitude. To see this, call A(t) the amplitude of the light train 
as a function of time. It may be written as a sum of monochromatic 
waves thus 


A(t) = { e-** aw) deo (10) 
The autocorrelation function is the statistical average 
[A(t +5) A*(WJav = [f dev deo’ ete -iette [a(w) a*(w'JJav. (11) 


But there is no phase relation between components of different frequen- 
cies, hence the average on the right-hand side vanishes when w ¥ w’. 
If we omit from consideration the slowly varying factor 4w*/3c? in (4), 
we can write 


[a(w) @*(w')Jay = 8(w — w') Fle). (12) 

Substituting in (11) and using (6) gives 
[A(t + s) A*()]av = Ps). (13) 
Finally, one can rewrite (7) by introducing the time-evolution operator 
T(s) = exp (— iHs/f) (14) 


which, when applied to an eigenstate |a> of the Hamiltonian H, 
multiplies it by e*®s*. Then (7) can be written as a trace, without explicit 
reference to initial and final states, 


G(s) = Tr [dT t(s) dT(s) p]. (15) 


2.3 THE CLassicaL PATH ASSUMPTION 


It is possible to develop the calculation of ®(s) in a purely quantum 
mechanical way, and this will be done in § 3.6. However, it is most 
important to realize that, in all applications that have been made of the 
theory so far, it has turned out to be permissible to consider the perturbers 
as classical particles following prescribed trajectories. First, we shall 
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see how the classical path assumption is incorporated in the calculation 
of (15), then we shall discuss its validity. 

It is assumed that the time-dependent Schrédinger equation of the 
system has solutions of the form 


W(t) = x(t) pC), (16) 


i.e., the product of a function y(¢) involving only the atomic coordinates 
by a function 9(¢) involving only the coordinates of the perturbers. It 
is further assumed that the function g(t) consists of wave packets and 
that it obeys a Schrédinger equation which is independent of the state 
of the atom 


ih dp|dt = Ko. (17) 


The total Hamiltonian is the sum of the Hamiltonian of the atom, Ha, 
the perturbers’ Hamiltonian K, and the interaction V, 


H=H,+K+V. (18) 


If the light is emitted by a neutral atom, K is the sum of the kinetic 
energies of the perturbers and possibly also their mutual interactions. 
If the light comes from an ion, one includes in K the Coulomb potential 
Z,Z,¢*/r between a perturber and the center of the ion; this is indeed 
independent of the state of the ion. In the latter case, the perturber 
wave packets describe hyperbolic trajectories, while in the neutral case 
they follow straight lines (at least if their mutual interactions are 
neglected). 

Next, one finds the Schrédinger equation which is obeyed by x(?) 
in this approximation. According to (16) x(#) can be written 


x) = f o*( HO dey, (19) 


the integration extending over all perturber coordinates. Taking the 
time derivative of both sides, using the complex conjugate of (17) and 
the full Schrédinger equation for (2), one finds 


itdy/dt = f p*(t) (Ha + V)o(t) dx». (20) 


Again using approximation (16) for ¢(t) results in 


idy/dt = [Hy + o(2)] x (21) 
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with 
o(t) = | e*(e) Volt) dey (22) 


In other words, y(¢) obeys a Schrédinger equation with a time-dependent 
potential v(t) which is obtained from (2) by averaging over the perturber 
wave packets. If the packets are sufficiently small and do not spread 
much in time, the picture is that of classical perturbers giving rise to a 
time-dependent electric field which disturbs the quantum mechanical 
atom. 

It is now possible to calculate the trace (15) in terms of these wave 
packet states, instead of the stationary states previously used. One must 
assume that the density matrix p is still diagonal with these states, i.e., 
that the energy spread in the packets is small compared to kT. This 
last assumption is actually slightly inconsistent. With this picture of 
prescribed classical paths, the perturbers transfer energy to the atom 
but the atom is not allowed to react back on the motion of the perturbers. 
The logical conclusion is that the atom would eventually reach infinite 
temperature, with all its states equally likely. One must make sure that 
the values of s for which one needs to calculate (15) are not so large 
that this has time to happen. Then the assumption is a reasonable one 
(see also Bloom and Margenau, 1953). 

If one uses states (16) to calculate D(s), it can be written 


P(s) = Tr [dtt(s) dé(s) play. (23) 


Now, only states of the atom enter in the summation, p is the density 
matrix for the atom only, ¢(s) is the evolution operator for the wave 
function x and also obeys Schrodinger equation (21). But one must, 
in addition, perform a statistical average over all modes of motion of the 
perturbers. Equation (23) is the point of departure for line shape calcula- 
tions which treat the perturbers classically (Anderson, 1949; Baranger, 
1958b; Kolb and Griem, 1958). 

For this classical path approximation to be valid, it must first be 
possible to use wave packets. A wave packet of size a has a momentum 
spread 4p = hi/a. If the wave packet is to hold together for any appre- 
ciable time, 4p must be small compared to p, the average momentum, 
i.e, a must be large compared to A, the de Broglie wavelength divided 
by 27. But, if it is to create the illusion of a classical particle, the wave 
packet must be small compared to its distance from the atom; therefore, 
the latter must be many times A. The orbital angular momentum quantum 
number / is just the impact parameter measured in units of A. Hence 
the 7 values for those perturbers that make most of the contribution 
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to the broadening must be large. There will always be some perturbers 
with small 7, but the approximation will be good if they do not contribute 
much to the broadening. 

Another approximation that was made is that a perturber trajectory 
is fixed and does not depend on whatever interactions take place between 
the perturber and the atom. This will be good if most of the energy 
exchanges between the perturber and the atom involve an amount of 
energy 4e small compared to the energy « of the perturber. Here again, 
there will always be some collisions where a large amount of energy. is 
exchanged; the approximation is valid if such collisions do not contribute 
a large fraction of the broadening. If one identifies « with kT, the same 
condition ensures that the inconsistency mentioned earlier in the treat- 
ment of the density matrix does not produce any serious trouble. 

In practice, the foregoing conditions are always met for electron 
perturbers, and a fortiori for ion perturbers. The condition on / follows 
from the fact that the charge-dipole interaction (2) is long range and, 
therefore, most of the scattering comes from distant perturbers under- 
going weak collisions. The condition on 4e follows then because, from 
considerations of adiabaticity, Ze cannot be much larger than ’/7, where 
7 = p/v is the collision time, p being the impact parameter and wv the 
velocityt; but %/7 is just 2e/l. 

To see that / is large for a typical electron perturber, one can write 
1 = mup/h. A typical impact parameter is of order n-1/3, where n is 
the electron density, since the Debye length is typically a few times 
n-1/3, As for v, it is of order (RT/m)'/2. Hence one finds that /° is of 
the order of the “statistical factor”’ 


2(2nmkT 3/2 


nh : 


= (24) 
i.e., the number of quantum mechanical states available to each electron. 
Small I" means that the electron gas is degenerate; I" large compared 
to unity means that it is still subject to Maxwell-Boltzmann statistics. 
In typical cases, of course, Tis very large. For instance, if the temperature 
is | ev and the density 10!°cm~3, I’ equals 6 x 108. 

But it is not enough to have shown that / is large for a typical electron. 
One must still be sure that most of the broadening is not due to those 
electrons that are very close. This will be ascertained in detail in §4 
[see discussion accompanying eqs. (104), (105), and (112)]. The reason 


t We have been unable to avoid a certain amount of duplication of notations, which 
we do not expect to produce any confusion. We use p for the density matrix and also 
for the impact parameter. Here v is the velocity, but in (22) it is an interaction energy. 
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is simply this: there is an upper limit to the amount of broadening a close 
electron can produce. This can be compared with the contribution from 
distant electrons, and the latter is found to dominate because of the 
long-range nature of the interaction. 


2.4 Two LimiTING APPROXIMATIONS 


It was mentioned earlier [Eq. (13)] that ®(s) is essentially the auto- 
correlation function for the light amplitude. If the atom were alone in a - 
vacuum, this would just be proportional to e*®* or a sum of such 
terms, each representing a single sharp line. In the presence of inter- 
actions, however, Ps) is perturbed and eventually goes to zero for large s: 
after a certain time, the light loses all memory of its original phase. 
The question then arises: how does the time that it takes the light to 
lose its memory compare with the collision time (the duration of a 
collision) ? If it is either much larger or much smaller, the problem of 
calculating ®(s) can be greatly simplified. 

Let us first consider the case where ®(s) goes to zero long before a 
single collision is completed. Then, clearly, the motion of the perturbers 
may be disregarded in the calculation of ®(s). One may first assume 
all perturbers at fixed positions and obtain a spectrum of sharp lines; 
then one performs a statistical average over positions, which gives a 
broadened spectrum. We shall call this the “quasi-static approxima- 
tion.” The name “statistical approximation” has often been used in the 
literature, but it is not appropriate since statistics are just as important 
in other cases. 

The other limit is that where the time that it takes ®(s) to differ 
appreciably from its unperturbed value is very long compared to a 
collision time. Then, in an interval of a few collision times, ®(s) suffers 
but a small change. Since the collisions are statistically independent, 
this change depends only on the present value and ®(s) obeys a linear 
differential equation with constant coefficients, whose solution is a 
damped monochromatic wave. The archetype of such a theory is the 
Lorentz impact theory, in which it is assumed that collisions are instan- 
taneous and occur with frequency v, each collision interrupting the 
light train completely. Then, the autocorrelation function is obviously 
e~**os-** and the line shape is proportional to [(w — wo)? + v?]-1, which 
has since become known as a Lorentz shape. The same Lorentz shape 
arises whenever this fast collision approximation, or “impact approxi- 
mation,” is valid, but there may also be a shift in addition to the width v. 
Moreover, if one is dealing with a group of overlapping lines, the 
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differential equation is obeyed by a matrix instead of a single function 
and things get a little more involved (see § 3.3). 

The regions of validity of the two approximations may be delimited 
roughly as follows. The time that it takes the light to lose memory of 
its original phase is also the inverse of the linewidth. Thus, the quasi- 
static approximation is good if the linewidth is large compared to the 
inverse of a typical collision time, the impact approximation is good if 
it is small. More details are given in later sections. One can also say 
that the impact approximation is valid if strong collisions occur at 
intervals much longer than a collision time. A strong collision is one 
which disturbs ®(s) by a large amount. On the other hand, the quasi- 
static approximation is good if strong collisions are always going on. 

The importance of the impact approximation is due to the fact that, 
in practice, it is always valid for the treatment of electron perturbers. 
To see this, consider a typical electron with velocity v, impact para- 
meter p, colliding with an excited atom consisting of an electron in 
an orbit of principal quantum number vy around a core of charge Ze. 
A typical dipole transition matrix element in the atom is of order 
ev?a,/Z, hence: interaction (2) is of order ev*a)/Zp*. For the impact 
approximation to be good, a typical collision must be weak, i.e., the 
product of the interaction by the collision time must be small compared 
to h; this ensures that the collision can be treated by perturbation 
theory and does not produce much disturbance. Hence, one must have 





e’vay p 
zane <A (25) 
or 
03p%h3Z3 


Estimating p by 43/3 = n-!, v as (kT/m)'/?, and omitting some 
numerical factors, one finds that (26) reduces to 


[Z3/y8> 1 (27) 


where I is again the statistical factor (24). The latter being always 
quite large, condition (27) is satisfied even for fairly large values of the 
quantum number ». 

On the other hand, the quasi-static approximation may or may not 
be valid for the treatment of ion perturbers. If it does not hold, it may 
happen that the impact approximation holds, which makes calculations 
very easy since, then, ions and electrons can be treated together. But, 
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more usually, neither limiting approximation is valid. This possibility 
is considered in §6, but it may be said right now that there exists 
no good treatment of this intermediate region; this is one of the most 
serious gaps in the present theory. However, the situation is not as bad 
as one might think because, in many cases, electron broadening is the 
more important one and an error in the ion contribution does not 
affect the total much. Also, even if the quasi-static approximation breaks 
down in the line center, it remains valid in the wings (see §6) which 
are of great interest, for instance, in astrophysical applications. 

When the quasi-static approximation does hold, the problem of 
calculating the effect of the ions splits into two parts. First, since the 
interaction is given by (2), one must calculate the effect of a static 
electric field on the line; this is the well-known Stark effect. Second, 
one must calculate the probability distribution of the electric field 
vector and average the Stark pattern over all possible fields. 

To summarize, the solution of a problem of pressure broadening in 
a plasma will usually proceed as follows. First, the atom is assumed to 
lie in a fixed electric field created by the ions, with attending Stark 
splitting. The effect of the electrons on the corresponding sharp lines 
is computed with the impact approximation. Then one averages the 
electron broadened spectrum with the probability distribution of the 
ionic field. Finally, one investigates possible corrections due to motion 
of the ions. 


3 The Impact Approximation 


3.1 INTRODUCTION 


Simplified pictures of the broadening effects of collisions on a spectral 
line have existed for a long time (Lorentz, 1906; Weisskopf, 1932; 
Lenz, 1933; Burkhardt, 1940; Lindholm, 1941, 1942, 1945; Foley, 
1946; Baranger, 1958a). Most of them involve the adiabatic assumption, 
i.e., they replace the full interaction between the perturber and the 
atom by a potential depending only on the position of the perturber. 
However, in the problem of electron broadening, there are a number 
of complications which are essential if any kind of accuracy is demanded 
of the theory. First there is the fact that electrons can, and often do, 
give inelastic collisions; this makes the adiabatic assumption invalid. 
A related difficulty is the degeneracy of the atomic states, i.e., a collision 
can be elastic and still change the state of the atom, again making the 
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adiabatic assumption invalid (Spitzer, 1940). Another complication 
arises because, as was just seen, one has to calculate the broadening 
by electrons of spectral lines which are already closely split by the ionic 
field. Since electron and ion effects are of the same order of magnitude, 
one is faced with a problem of overlapping lines. The first realistic 
treatment of inelastic collisions is due to Anderson (1949); that of 
overlapping lines to Kolb (1957), Kolb and Griem (1958), and Baranger 
(1958b). 

It was the impact approximation that made these new developments 
possible, and therefore a large fraction of this review is devoted to its 
study. Without it, the problem of electron broadening would be hope- 
lessly difficult. Essentially, it says that the average collision is weak, 
so that it usually takes many collision times to make the light train lose 
memory of its phase. This does not mean that all collisions must be 
weak; the impact approximation is not to be confused with the Born 
approximation. Those collisions that are strong are treated as such. 
But since, in general, it takes many statistically independent collisions 
to disturb the atom, it is only some kind of average effect of the collisions 
that matters. All happens as if some time-independent perturbation # 
had been added to the atomic Hamiltonian H,. The times involved in 
the calculation of # are much larger than collision times, so that # 
depends only on the net result of a collision, not on its detailed develop- 
ment. In other words, # can be expressed in terms of S-matrix elements, 
or scattering amplitudes. The light is the same as if it were emitted 
by an isolated atom with Hamiltonian H, + # and, since # is not 
Hermitian, the energy levels have an imaginary part and the lines have 
a width, 


3.2. TREATMENT OF THE INTERACTION IN THE LOWER STATE 


We shall take the classical path point of view from here until § 3.6. 

It often happens that the interaction of the perturbers with the atom 
in the lower state of a given line is much weaker than their interaction 
with the upper state. This is so because the atom is more tightly bound, 
or less polarizable, in its lower state. Hence it is often a good approxima- 
tion to neglect the interaction with the lower state completely, which 
simplifies things considerably. 

This simplification is easily carried out in the equations of § 2.3. In 
(23), one can replace tt(s) by e****, where fiw, is the single energy of the 
lower level for the line or group of lines considered. In fact, one can 
take w, as origin of frequencies and omit this term entirely. Then, one 
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may introduce an operator D acting only between upper atomic states 
and defined by 


<a|D|b> = > <ald|a> <a|d] 5). (28) 


Here, we have used Latin letters to designate upper states and Greek 
letters for the lower ones; the lower level may be degenerate, hence the 
sum on a. Finally, it turns out that one condition for the validity of 
the impact approximation (§ 5.1) is that the linewidth be small compared 
to the energy of the perturbers, or RT. Hence the density matrix p in 
(23) can be considered constant and we shall disregard it. With these 
simplifications, (23) becomes 


P(s) = Tr [Dtay(s)] (29) 


where, now, only upper states are involved. 

However, there are some lines for which the interaction in the lower 
state cannot be neglected. This happens often for hydrogenic atoms, 
because linear Stark effect does not increase with quantum number as 
fast as quadratic Stark effect. Then, perhaps the best point of view to 
take is to try to reduce the calculation of (23) again to something like 
(29). This can be done (Baranger, 1958b) by considering a “doubled 
atom,” each state of which corresponds to two states of the original 
atom, i.e., to a line in its spectrum. More precisely, a state of the original 
atom is associated in a direct product with the complex conjugate of 
another state, so that the energy levels of the doubled atom will be the 
difference between the energy of an upper state and that of a lower 
state. We use the notation | ax«*>) to designate a state of the doubled 
atom and we define two operators 


<a | t8(s) | B> <b | e(s) | @> = <<bB* | Os) | aa*>), (30) 
<a|d| a> <B|d|b> = <<aa* | A | bB*)). (31) 


One can also consider @(s) as the direct product of ¢(s) with the transpose 
of tt(s). Then, if p is disregarded again as above, (23) becomes 


P(s) =D) [<a | d | a> <o | t4(8) | B> <B 1d | b> <b | X05) | @>]av 


aba 


= DS) [<<aa* | A | B*>> <<8* | @(s) | aa*)> Jay (32) 


abaB 


= Tr [46,,(s)]; 
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which is the same as (29), but for the doubled system. Therefore, the 
considerations that follow are confined mostly to the case of no lower 
state interaction. 


3.3. EVALUATION OF THE EFFECTIVE PERTURBATION #% 


The next task is the evaluation of t,,(s). It is actually more convenient 
to deal with the interaction representation evolution operator, 


u(s) = exp (tHas/f) t(s). (33) 
The change occurring in u,,(s) when s increases by 4s can be written 
Auay(s) = uay(s + 4s) — uay(s) (34) 

= [{u(s + As, s) — 1} u(s)]av. 


Here, u(s + As, s) is the interaction representation evolution operator 
between times sand s + As. It has the well-known perturbation expansion 


s+4s 
u(s + 4s, s) -1 = — | dx v'(x) 
(35) 
s+4s Ed 
—h? | dx [ dy v'(x) v'(y) +... 
with 
v(x) = exp (tH ax/h) v(x) exp (— iH ,x/h). (36) 
The last average in (34) is over a product of two factors. The impact 
approximation is valid if 4s can be found such that: (1) As is so large 
that the two factors are actually statistically independent and may be 
averaged separately; (2) ds is so small that the average of the first 


factor is small compared to unity, in which case it will be shown that 
it can be written 


— th exp (tHas/h) # exp (— 1Has/h) As, (37) 


# being a time-independent operator which will be calculated. Then 
Ua(s) obeys the differential equation 


thduay(s)/ds = exp (tHas/h) # exp (— 1Has/h) uay(s) (38) 
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whose solution, expressed in terms of ¢(s), is 
tay(s) = exp [— (Hg + #) s/f]. (39) 


All happens as though the constant operator # had been added to Hg. 

The interaction v occurring in (35) is the total interaction of the 
atom with all the perturbers, which are assumed statistically inde- 
pendent of each other. The crux of the present argument is that, when 
the impact approximation is valid, one can calculate ua,(s + 4s, s) — 1 
assuming a single perturber to be present, and then multiply by N, 
the number of perturbers. To see this, consider two possibilities. First, 
there may occur only weak collisions during time interval 4s. Then, 
one can evaluate u(s + As, s) by perturbation theory, i.e., keep only the 
lowest nonvanishing term in (35). In this case, the contributions of the 
various perturbers are just additive, and the procedure advocated is 
correct. The second possibility is that, in time 4s, there occurs a strong 
collision. This is a rare event, otherwise the second condition postulated 
above on 4s could not hold and the impact approximation would not be 
valid. When it occurs, not much error is committed by disregarding for 
that time interval all other weak collisions that may be going on together 
with the strong one, i.e., considering a single perturber again. 

Hence, the problem is reduced to evaluating ua,(s + As, s) for a single 
perturber. In order to satisfy the first condition on 4s, one must make 
it much larger than an average collision time. Then it is a good approxi- 
mation to calculate the average by including in it all collisions whose 
time of closest approach sg falls inside the interval (s + ds, s), and 
excluding those for which 5, falls outside. The error thus made is but 
a small end correction. Moreover, for a collision that is included, one 
might as well replace u(s + 4s, s) by u(+ ©, — ~). The latter can be 
written 

u(-+ 0, — 0) = exp (tH a5/h) S exp (— iHas,/h), (40) 


where S is the S-matrix calculated for a similar collision with time of 
closest approach 0, 


S=1- | Oe deity — te i Oe f gewmeot— 40 


It is permissible to replace sy in (40) by s. This is because off-diagonal 
elements of u are needed only for two states which may give rise to 
overlapping lines, i.e., whose energy difference is of the order of magni- 
tude of the width. But the product of the width by 4s/h is small as the 
result of condition (2) imposed on Js. Since sq differs from s by less 
than As, very little error is involved in the replacement. 
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Finally, after multiplying this one-perturber average by N, one sees 
that {ua,(s + As, s) — 1} takes form (37) with # given by 


# = —ih|(1—S)d (42) 


where the integral runs over all possible types of collision, each with 
its frequency dy. In practice, f dv consists of 


n | : f(v) vdv I, 2npdp (average over angles) (43) 


where n is the perturber density, f(v) the velocity distribution, and p 
the impact parameter. 

A similar argument is applicable to cases where the interaction in the 
lower state is taken into account. One finds that @,,(s) is obtained by 
adding to the Hamiltonian of the doubled atom a constant operator 
given by 

H = —ih | (1 — S,S*) dv (44) 


where SS, acts on the upper part, S# the lower part of a line. 


3.4 EFFECT OF ELECTRON CORRELATIONS 


When the foregoing theory is applied to electron broadening of 
hydrogenic levels, the integrals are found to diverge logarithmically on 
the weak collision side, i.e., large p. One way to eliminate this diver- 
gence (Lewis, 1961) is to note that the impact approximation is never 
valid for very weak collisions, since they have very long collision times. 
But a much more important cause of error is the fact that, so far, the 
perturbers have been assumed to move completely independently of 
each other. This is notoriously untrue of charged perturbers, whose 
correlations give rise to such important effects as Debye shielding and 
plasma oscillations. 

Since the Debye length 


rp = (kT/4nne?)!/? (45) 


is usually somewhat larger than the nearest-neighbor distance, strong 
Collisions are not affected by electron correlations. To examine their 
influence on weak collisions, it is sufficient to look at the first non- 
vanishing term in perturbation expansion (35). This is the second order 
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term; the average of the first order term vanishes because the average 
electric field vector is zero. Hence, one requires [E(x) E(y)],,, E being 
the total electric field. In the previous section, this has been replaced 
by N[E,(x) E,(y)]a,, E, being the field of a single perturber, electron 1. 
The procedure is incorrect because correlations are present. But it is 
always correct to replace one of the two fields by NE,, thus N[E,(x)E(y)]a,3 
the second field must remain the total field. In performing the average, one 
can average over the positions and velocities of all other electrons before 
those of electron 1. Therefore, the problem is reduced to the following: 
Knowing that electron | is at r, with velocity v, at time «x, find the 
average total electric field at the origin at time y. The answer is some 
sort of shielded field which exists only in the vicinity of electron 1. 
As a first approximation, one may assume that the electron moves 
along a straight trajectory at constant speed and use the Debye shielded 
field. This is correct for particles which do not have too high a velocity. 
For the high velocity particles, the Debye sphere is distorted. Since it 
turns out that slow electrons broaden lines more effectively than fast 
ones, the Debye approximation is probably sufficient. 

Thus, the simplest way to take into account electron correlations is 
to shield one of the two fields in the second order term of the perturba- 
tion expansion, otherwise treating the electrons as independent. Instead 
of shielding the field, one might also use two unshielded fields but 
cutoff the p integration for large impact parameters. It can be shown 
(Griem et al., 1962a) then that the cutoff should come at 1.17p. 


3.5 THE LINE SHAPE 


Going back to (39), the general result of the impact approximation, 
one can proceed to derive the line shape, using (29) and (9). The integral 
over s converges, as (42) shows that the anti-Hermitian part of # is 
negative definite. One finds 


rh! F(w) = —¥ Tr [Dw — Hy — #)) (46) 


where ¥ means the imaginary part. One needs to include in the trace 
only those upper states that contribute to the group of overlapping 
lines being considered. In general, one will have to invert a matrix 
whose number of lines and columns is the number of overlapping lines. 

In the particular case of an isolated line, arising from upper state 
| ¢@>, the matrix is one by one and the shape is Lorentzian, 


1 %¢@|P\r 
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with a shift d; and a width w, given by 


RG|#H |, (48) 
hw, = —F (i|#|id. (49) 


I 


I 


H can itself be written in terms of the diagonal element of the S-matrix 
by (42). One can write 


@|S|i) = ene (50) 
where ¢ is a real phase shift and 7 a real positive number. Then, the 
width and shift become 

d, = f e-" sin @ dv, (51) 


wv, = | (1 — e-" cos ¢) dv. (52) 


Special cases of these expressions are: (1) If 7 is infinite, every collision 
is inelastic, there is no shift and the width is just the collision frequency; 
this is the Lorentz theory. (2) If 7 is zero, all collisions are elastic, the 
result is that of the adiabatic theory (Lindholm, 1941; Foley, 1946). 

In the case where interaction is also present in the final state, the 
derivation of the line shape is quite similar to that of (46), but now all 
operators act on states of the doubled atom. We recall that the Hamil- 
tonian of the latter is Hy; — Hx;, with Ha, acting on the upper part 
of a line, Hx, on the lower part. One finds 


rhF(w) = —F Tr [A(hw — Hy, + HE, — #7), (53) 
# being given now by (44). The number of lines and columns of the 


matrix to be inverted is equal to the number of overlapping lines. For 
an isolated line | ax*>>, one gets a Lorentz shape with shift and width 


hd = ® (an* | # | ax*)), (54) 

hw = — I (Laa* | # | ax*)). (55) 

If the diagonal dlements of the S-matrix are written again in the form 
<a| Slay ser, (56) 

Ka | S| a> = entries, (57) 
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the shift and width become 
d= | e-ni-"y sin (p; — 9,) ay, (58) 
w = | [1 — ete cos (p; — g)] a. (59) 


Great simplifications are brought into the calculation of the line 
shape in spherically symmetric situations, i.e., when the Hamiltonian 
H, of the atom is invariant under rotations and the collisions themselves 
happen isotropically. Then the sum over magnetic quantum numbers 
in the traces of (46) or (53) can be eliminated, which greatly reduces the 
size of the matrices to be inverted. For instance, a line between two 
levels of angular momentum quantum numbers j,; and j; can be treated 
as isolated, even if the j’s are nonzero. We refer to Anderson (1949) 
and Baranger (1958b) for the details and confine ourselves to a few 
simple remarks. 

First, such a spherical situation is the exception rather than the rule 
in plasmas, since one has to compute the electron broadening of atomic 
lines in the constant field of the ions, and the latter destroys spherical 
symmetry. However, it is usually allowable to forget about this electric 
field in the calculation of #, though not in the calculation of the line 
shape. Then, # is a spherically symmetric operator. In case of an 
isolated line with no lower state interaction but nonvanishing j in the 
upper state, this means that # is a multiple of the unit matrix as far 
as the magnetic quantum number m is concerned. Since D has the same 
property, it is clear how the matrices in (46) are reduced to one by one. 
Actually, one can use this a priori knowledge of spherical symmetry to 
simplify the calculation of the average (43) occurring in the calculation 
of #. For the simple case just referred to, it is not necessary to average 
over all possible orientations of a collision. It is sufficient to calculate 
<m | | m> assuming a definite orientation and then average over m; 
this effectively averages over orientations. 


3.6 QuaNTuM MECHANICAL THEORY 


We shall now sketch the impact theory for quantum mechanical 
perturbers. Although classical paths are sufficient for most applications, 
a full quantum mechanical treatment may serve to dispel any remaining 
doubts about the validity of the classical theory. It will also clarify the 
relation between the effective perturbation ¥ and the scattering ampli- 
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tude, thus tying our subject with the rest of this book, which is largely 
about quantum mechanical processes. 

We shall endeavor to make the quantum theory as similar as possible 
to the classical path theory developed above. This will be achieved by 
keeping the representation of the perturbers as wave packets. A more 
rigorous presentation can be given (Baranger, 1958c), at the cost of 
losing some of the physical insight. 

The starting point is (15), the Hamiltonian being given by (18). At 
first, we shall disregard the interaction in the lower state. If the lower 
state energy is taken as origin, (15) becomes 


@(s) = Tr [D exp (1Ks/h) exp (— 1Hs/h) p]. (60) 


The trace involves upper atomic states and the perturbers’ states. We 
shall perform the sum over perturber states alone, denoted by Tr,, and 
show that ®(s) is then reduced to the same form as in the classical 
case, (29) and (39). This trace replaces the average over all perturber 
motions of the classical theory. As for p, which should be proportional 
to e#/kT it will be replaced by the product of p, and pa, proportional 
to eK/FT and e#a/kT, respectively. This will be justified later. 

The perturbers’ states are taken to be wave packets but, now, no 
effort is made to make the packets appear like classical particles. On 
the contrary, the packets are taken much larger than the region in 
which the interaction V is appreciable. As in the classical case, one 
introduces the interaction representation evolution operator, 


U(s) = exp [i(H,4 + K) s/f] exp (— 1Hs/h). (61) 


Note that U(s) does not change as long as a wave packet does not interact 
with the atom. One studies the time variation of 


Uar(s) = Try [U(S) py] (62) 
by writing 
AUVa,(s) = Uay(s ag As) = Ua,(s) (63) 
= [{U(s + As, 8) — 1} U)lav 
with 


U(s + As, s) = U(s + As) U-Xs) 
= exp [i(H, + K)(s + 49)/R] exp (— iHAs/t) exp (— (Ha + K) s/h]. (64) 


Again, the impact approximation is valid if ds can be found such that: 
(1) As is so large that the trace in the right-hand side of (63) splits into 
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a product, i.e., the two factors involve different wave packets; (2) As is 
so small that the average of the first factor is small compared to unity, 
in which case it can be written in the form (37). From there on, the 
classical argument can be taken over in the quantum mechanical case. 
In particular, the line shape of § 3.5 is unchanged. We shall now examine 
the conditions under which there exists a 4s satisfying the requirements 
above and calculate #. 

If the collision time of a wave packet is defined as the time during 
which it overlaps with the interaction region, the first condition will be 
satisfied if ds is taken much larger than a collision time. Hence, there 
is no sense in making the wave packets unnecessarily large. However, 
one does want them appreciably larger than the interaction region, for 
reasons that will become clear. Then, the various wave packets overlap 
with each other in general. As for the second condition on As, it can 
also be satisfied if each collision disturbs the atom very little. This 
does not mean that the collision can be calculated by perturbation theory. 
The disturbance may be small because the amplitude of the wave packet 
is small, not because the interaction is weak. It does mean, as in the 
classical case, that the effects of the various perturbers on the atom 
are additive. Each wave packet sees an isolated atom, without inter- 
ference from the other wave packets. To calculate the first average in 
the right-hand side of (63), one just adds the contributions from all 
packets that arrive during time As. 

We proceed to calculate the contribution of such a packet. If 9(t) 
is its wave function, one needs 


<9(0) | Uls + As, s) | ap(0)>, (65) 
a and b being two atomic states, but this is equal to 
e*8 <hy(s) | exp [7(H, + K) 4s/h] exp (— tHAs/h) | ag(s)> e-*%e8 (66) 


This is the overlap of two wave functions. One function is exp (— iHAs/h) 
| ag(s)>, ie., the wave packet propagated to time s + As, together with 
the scattered wave arising from its interaction with the atom. The other 
function is exp [— (Hy + K) As/h] | bg(s)>, i¢., the wave packet 
propagated freely without interaction. In the case of elastic scattering, 
a = b, and provided As be much larger than the collision time and the 
wave packet much larger than the region of interaction, such an overlap 
is obviously of the form 


1 + xf(0), (67) 


f(O) being the forward scattering amplitude and x a coefficient. A direct 
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calculation of x by integration in coordinate space is possible, but does 
not seem to have appeared in the literature. It is not difficult if one takes 
care to smooth out the edges of the packet to avoid diffraction effects. 
However, an indirect calculation of x can be made if one uses (67) to 
derive the well-known optical theorem (Schiff, 1955, p. 105). In either 


case, one finds 
x = 1Aqg (68) 


where A is the wavelength and g the number of particles per unit cross 
section in the incident packet. 

In the case of inelastic scattering, a  ), it is not clear at first sight 
that (66) has anything to do with a scattering amplitude. A true scattering 
process would involve an energy change in the perturber by h(w, — wp), 
while (66) has the same wave packet before and after scattering. How- 
ever, one must keep in mind that such a matrix element is needed only 
if w, — wy is of the order of magnitude of the width, which is itself 
much smaller than 4s-!. Hence (w, — w,) As is small and there is not 
enough time for any appreciable dephasing to appear due to the slight 
change of perturber energy in scattering. Then, the argument given in 
the elastic case is still valid, the scattering amplitude being taken at 
either energy. If the general inelastic scattering amplitude is denoted 
by <b | f(8, ~) | a>, expression (65) is equal to 


Ban + iAge!@o Cb | f(0) | a> e-tos, (69) 


There remains only to add the contributions from all the collisions 
occurring in time interval 4s. This is achieved by replacing qg by the 
total number of perturbers incident per unit cross section, which is 
nv4s = hnAs/md, and averaging the scattering amplitude over perturber 
energies and directions. Then, {U(s + 4s, s) — 1},, is seen to have 
form (37) with 

<b | # | a) = — (2nh?*n/m) [<6 | f(0) | @>]av. (70) 


It is time to justify the approximation made on the density matrix. This 
is easy since, out of all the wave packets that contribute to U(s + As, s), 
only a small fraction are interacting with the atom at time s. For those 
that do not interact, the exact density matrix and the free density matrix 
(i.e., without V) are identical. 

A similar argument can be given if the interaction of the perturbers 
with the lower state cannot be neglected. The perturber part of the 
trace in (15) is 

Try [(e# 9), (e 9"), py), (71) 


Subscripts 7 and f designating upper and lower atomic states, respectively. 
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We consider instead 
Way(s) — Tr, [(et#s/h etHas/h), (e#Has/h etHs/h) , Pol: (72) 
At time (s + 4s) this can be written 


Wav(s + As) = Tr, [(etFes/h e7tHas/h) | (e@Has/h eiHAs/h e tH a(s+4s)/hy 


X (etHalst+4s)/h e-iHAs/hi e~iH s/h) (gias/h etHs/h). 5). (73) 


One argues that the operator appearing in the middle of this expression, 
namely, 


W(s +4 As, s) = (etHas/h ei 4s/h e~tHals+4s)/f) 


(74) 
X (etHalst+4s)/h e-iH s/h p—iHtys/h) 
can be averaged independently of the other operators, because different 
wave packets are involved. One argues also that this average is very 
close to unity and can be obtained by adding the contributions of the 
various packets. For a single packet, 


<bag(s) | (ett 4sih e~tH,As/h), (etHa4s/h e tH 4s/h) | aB¢(s)> (75) 


is just the overlap between two scattering wave functions. In one func- 
tion, the packet is scattered by the atom in an upper state; in the other, 
by the atom in a lower state. The overlap has four terms: the overlap 
of the incident packets, which is unity; two overlaps between the incident 
part of one wave function and the scattered part of the other, which 
are proportional to the forward scattering amplitudes, as previously; 
and finally, the overlap between the two scattered waves, whose evalua- 
tion presents no problem. Hence, (75) is equal to 


Sar8ap + Ag [Sap <b | f(0) | @> — San <B | f(0) | «>*] 


(76) 
+9 Jf <B1S( 9) | o>* <b | £(8, @) | @> sin OdOdp. 


At this point, it becomes expedient to transpose all operators involving 
the lower atomic states, as in § 3.2. We shall use W,, for the transpose 
of Wa, and @,,(s) for the transpose of (71). Then, W,,(s) is seen to 
satisfy the differential equation 


ihdWa,(s)/ds = exp (tHa,s/h — iHX, s/h) 


x # exp (— iHa,s/h + iHX5/h) Wars) hs 
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with 
<<bB* | H | aa*>> = [— (2h?n/m) (Bag <b | f(0) | 2> — Sav <B | f(0) | &>*) ’ 
+ ihinv Jf <B | (8, e) | o>* <b | £6, @) | @> sin Sdtaay. 
The solution can be written 
Oav(s) = exp [— (Ha; — Hx, + #) s/f). (79) 
The line shape is given by (53). 
For an isolated line, the shift and width are given solely in terms of 


elastic scattering amplitudes, by (48), (49), (70) or (54), (55), and (78). 


In case of no lower state interaction, one finds 


d = — (2nhn/m) Al f(O)Jav (80a) 
w = (2nkn|m)F[ f(0)lav (80b) 
= (4 nvo)ay. (81) 


In the last expression, use has been made of the optical theorem to 
write the imaginary part of the forward scattering amplitude in term 
of the total cross section o. The analogy with the classical expressions 
(51), (52), and (43) is brought out by writing the forward scattering 
amplitude as a sum over partial waves 


f(0) = (h/2imv) &, (21 + 1) (e%#8: — 1), (82) 


5, being a complex phase shift with positive imaginary part. The classical 
result if obtained when 6; is computed by the WKB method and the 
sum over / replaced by an integral. It holds whenever many values 
contribute to the answer and strongly inelastic collisions do not predo- 
minate. 

For an isolated line with lower state interaction, the width can be 
given an interesting form if one transforms the forward amplitudes 
appearing in (78) by the optical theorem and separates the cross sections 
into their elastic and inelastic parts. There comes 


w= [4 nv{o; in + of in + ff sin 0d0dp | f,(9, p) — f,(9, 9) I? hav. (83) 


The cross sections appearing in this formula are inelastic, while the 
amplitudes are elastic. Thus, the broadening effects of the inelastic 
Scattering on the initial and final states add incoherently, while those 
of the elastic scattering subtract coherently. 
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4 Applications of the Impact Approximation to Broadening 
by Electrons 


4.1 Basic APPROXIMATIONS 


It has just been seen that the calculation of the effective perturba- 
tion # is equivalent to the calculation of amplitudes or cross sections 
for the scattering of electrons by atoms in excited states. Much of this 
book is devoted to calculations of this nature, but usually for ground 
states. The fact that we are dealing with highly excited states and 
moderately fast electrons (say, upward of 1 ev) greatly simplifies matters, 
Whereas the scattering of slow electrons by a complicated atom in its 
ground state can often be quite untractable, our problem can be resolved 
by a set of fairly simple approximations whose expected accuracy if of 
the order of 20%. 

The first of these approximations is the classical path assumption, 
of which enough has been said already. The second, mentioned in 
§ 3.5, consists in neglecting, while calculating #, the splitting of the 
atomic energy levels by the ionic field. The justification is that the 
product of the electron collision time and the interaction between the 
atom and the ions is small compared to #. In fact, this is exactly condi- 
tion (25) for the validity of the impact approximation. Hence, the 
electron goes by too quickly to notice any splitting. 

Even then, the problem of calculating the collision matrix S of § 3.3 
is untractable. It is tempting here to use perturbation theory. But this 
is correct only for sufficiently large impact parameters, those corres- 
ponding to “weak’’ collisions. Close collisions are “strong.” Now, it is 
easy to calculate an upper limit to the contribution of close collisions. 
For instance, in (52), the worst that could happen would be that 
1 — e-" cos @ is replaced by 2. When such limits have been set, it is 
found that most of the contribution (say, over 70%) to # actually 
comes from weak collisions, those for which perturbation theory is 
valid. It is therefore permissible to evaluate the contribution from 
strong collisions only crudely. This is usually done by saying that all 
coherence is lost between the light emitted before and that emitted 
after a strong collision, i.e., the S-matrix is replaced by zero. In other 
words, strong collisions are treated by the Lorentz theory. This is the 
same schematic treatment of strong collisions that was originated by 
Anderson (1949) for molecular broadening problems. But it is worth 
pointing out that the approximation is much better in plasma problems. 
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Here, the long range nature of the forces ensures the dominance of 
weak collisions; with molecules, strong collisions are often preponderant 
and the approximation becomes very questionable. 

We shall consider separately four classes of calculations, depending 
on whether the light is emitted by a neutral atom or an ion, and whether 
its energy levels are hydrogenic, i.e. degenerate in /, or not. Note that 
complete degeneracy is not necessary for the applicability of the # 
computed for hydrogenic atoms; it is sufficient, as seen earlier, that the 
splitting between states of same principal quantum number be small 
compared to i/r, 7 being a typical collision time. 


4.2 ELECTRON BROADENING IN 
NONHYDROGENIC NEUTRAL ATOMS 


This case has been worked out by Griem et al. (1962a). A 
theory very similar in spirit was proposed by Vainshtein and Sobel’man 
(1959) but their quite unjustified lack of confidence in the classical 
path picture led them to make several unwarranted approximations, 
which invalidate all their numerical results. 

The model for the atom is that of a single valence electron moving 
in a central potential. Fine structure is neglected. A typical atom to 
which this is applicable is helium. Cases involving more complicated 
coupling of angular momenta can be handled equally well, if the type 
of coupling is known. In this section, we shall consider isolated lines 
only. It is usually permissible to neglect the interaction in the lower 
state. Then, the shift and width are given by (48), (49), (42), and (43) 
and are independent of the magnetic quantum number of the upper 
state. 

The first order term in the perturbation expansion of <2 | 1 — S| 72> 
has a vanishing angular average. The second order term is 


+90 
AAD Grell [diy [dg efeamee) Elen) Fyn) (84) 
avk ba) “we 
where r is the coordinate of the atomic electron and 
E, = er,/7? (85) 


is the field produced at the origin by the perturber, whose coordinate is rj. 
Assuming an undisturbed straight trajectory, one can write 
r,(u) = e + vu, (86) 


® being the impact parameter and v the velocity. 
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The average of E,,(u,) E,,(u.) over all orientations of the collision is 
$ Sgy €°(p® + V°Uty) 75 9(t4y) 75 (tt). (87) 
It is convenient to introduce the dimensionless variables 
x = vu/p, Zig = Wixp|V. (88) 
Then, the angular average of (84) takes the form 
5 (e/hpo)? Dlr b> Rl 7517) Clea) (89) 
ok 
with 
C(x) = A(Rix) + tB(z:x) 
1 OD ey ; 
=4{ | de, i dey etale20 (L$ ayy) (1 + 28-9 (1 + 23-9, (90) 
The real part A of C can be expressed in terms of Bessel functions, 
A(z) = 2°[KX{| 2 |) + Ki! 2 |), (91) 
and the imaginary part B as a principal value integral involving A 


Biz) = 2 pv [ 7 (2 — 2’) A(z’) de’. (92) 


Both functions are plotted in Fig. 1; A is even and B is odd. For z > 1, 
A(z) vanishes exponentially while B(z) ~ 7/42. 





A(z), B(z) > 





Fic. 1. The functions A(z), B(z), and their asymptotic limits (Griem et al., 1962a). 
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The intermediate states in (89) must have an orbital angular momentum 
quantum number /, differing from /; by one unit. The most important 
states are those that are close to |7> in energy, otherwise 2, takes on 
very large values and both A and B are small. One can perform the 
sum over o and m,, and express (89) in terms of a radial integral, 


(89) = 3%? >) BuC(zin), (93) 
Vely 
with 
X = h/mv, (94) 
Rn = >| <ilre | RD Pla 
0,1, (95) 


= [max (hy yh + 1] a5 [J Rie) Rate) a] 


Here, v, is the principal quantum number of state k, max (J,, J,,) is the 
larger of /, and /,, and it is understood that the sum over /, in (93) has 
only two terms, J; — 1 and /; + 1. Hence, what comes in is the standard 
radial integral for the oscillator strength, but usually for a very low 
frequency transition. 

If there were only weak collisions, the shift and width would therefore 
be given by 


, 0 4 © d 
w, + id, = | fe) do no® | "7 DY BnClzin)- (96) 


Vel 


The real part of this formula can also be considered as giving an expres- 
sion for the total inelastic scattering cross section. The elastic part is 
not included and would come out of higher order terms. It is true that 
it is usually, though not always, smaller. The problem now is to do 
something about the strong collisions. This is made imperative by the 
fact that the p integral in (96) diverges at the lower limit. One must 
Cut it off at some pmin, an impact parameter where (1 — S) starts to be 
of order unity, and use the Lorentz theory for collisions closer than 
Pmin- Clearly, there is a lot of arbitrariness in the choice of pmin, but 
there are two criteria to help us. 

The first criterion is that, at least if J; = 0, the theory should be 
Correct in the adiabatic limit. This is the case where the great majority 
of collision times are large compared to all wz, so that all z,, are large 
Compared to unity. Then A(z,,) is negligible and all collisions are 
elastic. At any one time, the state of the atom is the same as if it were 
immersed in a constant electric field and one can calculate a non- 
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perturbative expression for S using the adiabatic approximation and 
Stark effect theory (Lindholm, 1941; Foley, 1946). This is strictly 
correct only if z is an s state, but it is often approximately true in other 
cases too because the Stark shift is often rather weakly dependent on 
the magnetic quantum number. The second criterion in choosing a 
cutoff was given by Griem and Shen (1961b). They pointed out that 
the true width and shift satisfy a certain dispersion relation and proposed 
that the approximate expressions also be made to satisfy this relation. 

A cutoff which obeys both criteria is that of Vainshtein and Sobel’man 
(1959). They replace (96) by 


wo, + id; =n { f(v)edv [ 2npdp(1 — e-"-**) (97) 
0 0 
with 
1 tip = Xp >) BpC(za)- 98) 
Mele 


For weak collisions, this is the same as (96) and, for strong collisions 
for which 7 > 1, it gives the Lorentz theory. In the adiabatic limit, 
when 7 is negligible but ¢ is not, it gives the exact expression. Therefore, 
it includes in w, the elastic scattering by the polarization potential as 
well as the inelastic cross section. With these various desirable proper- 
ties, the Vainshtein-Sobel’man cutoff is probably the best one to use, 
although it is not in any sense exact and must remain a guess. For 
reasons of computational simplicity, the calculations of Griem et al. 
(1962a) use a different prescription, which also gives the correct adia- 
batic limit though not the dispersion relation. Any cutoff which has 
the right adiabatic limit will be correct for small electron velocities, 
while for high velocities one can check that strong collisions do not 
usually contribute more than 25% of the total width. Hence, the 
problem of strong collisions is not a critical one and accuracy of the 
order of 20% should be obtainable with any reasonable cutoff. 

According to § 3.4, the integration in (96) or (97) should also 
be cut off on the high p side at 1.17). Here, however, the integral would 
be convergent in any case. This modification may yield an appreciable 
reduction in the shift. For the width, it is usually not very important 
because A(z) itself cuts off sharply for z > 1. The value of z corres- 
ponding to the Debye length cutoff, zp, is of order w,,/wp, wp being 
the plasma frequency 


wp = (4rne?/m)}/?, (99) 
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As the Debye length is usually larger than the nearest-neighbor distance, 
wp is usually smaller than a typical %/7. But (see § 4.1) the nonhydrogenic 
case is that where w,, is larger than %/7, hence zp is usually larger than 
unity. 

It is convenient for comparison with later sections to write the weak 
collision part of the width as 


aa Po Ar 2 Pmax 

wv, = I, f(v) dv 3 nox x By, log pee, (100) 
where the upper cutoff pmax is function of k and takes into account 
the fact that A(z) is 1 for small z but cuts off for z > 1. One can show 


that, for small z, 


[> #71 dz'A(e’) © log (2/y2) (101) 


with 
y= 178K (102) 


and therefore pmax should be taken equal to 
pmax = (2/y) v/| wz, | = 1.1230/| wy, |. (103) 


This cutoff occurs because, for larger values of p, the time dependence 
of the interaction is too slow to induce transitions and the atom follows 
the change of electric field adiabatically. The Debye cutoff on the width 
is necessary only when | w,, | is smaller than wp, in which case | w,;, | 
should be replaced by wp in estimating pmax. 

Finally, we would like to check the validity of the classical path 
approximation. For this, we make an estimate of pmin, the strong 
collision cutoff. If this comes out larger than A, it means that most of 
the broadening arises from high perturber angular momenta and there- 
fore the classical theory holds. One can estimate pmin by writing that 
(93) is of order unity. If v is the principal quantum number, #j, is 
typically of order v4. For C, we will make two estimates and take the 
smaller value of pmin. One estimate is C ~ 1 (valid for small z,,), the 
other is C = 271 (large 2,,). The two expressions for pmin are 
me HA (104) 


Pinin 
P8sin © Hv4(2e/hiwx) (105) 
Where ¢ is the perturber energy, which is always larger than hw,,. 
As v is typically 3 or 4, pmin is always larger than A. 
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Had this not turned out to be the case, the classical theory would 
have been in error since, in quantum mechanics, p is quantized and 
varies by steps of A. The proper procedure, then, would have been to 
use A (actually, A/y) as the lower cutoff in integral (96) and omit any 
strong collision term. If «> fw,,, the width so obtained is identical 
to that of Kivel (1955), which can also be obtained by substituting in 
(81) the inelastic cross section calculated in Born approximation. How- 
ever, as shown previously, the Born approximation is not valid so that 
Kivel’s widths are too large, though not by an order of magnitude. 
Similarly, Kivel’s shift is identical with that in (96) (here, the integral 
converges for small p) and can also be obtained from standard, second 
order, time-independent perturbation theory. It is correct in the high- 
velocity limit (%,, min <1), but not in the adiabatic limit. It can be 
shown thatt 


| ” act daB(z) = 2/2. (106) 


4.3. ELECTRON BROADENING OF HYDROGEN LINES 


The case of hydrogen differs from the previous one in two main 
respects. First, because of the special degeneracy, one can omit the 
exponentials in an expression such as (84), which simplifies the inte- 
grations considerably; the function C(z) is then replaced by unity. 
At least, this is a good approximation if most of the contribution comes 
from intermediate states with the same principal quantum number as 
the level studied, which is usually the case. The second new feature is 
that, again because of the degeneracy, one has to use the complete 
formula (46) or (53) appropriate to overlapping lines, for each value 
of the ionic field. The analysis was carried through by Griem et al. 
(1959) and Mozer (1960). The principal difference between the two 
theories is that Griem et al. neglect the interaction in the lower state, 
while Mozer shows that this is not very good for the low Balmer lines, 
as the following will also make clear. 

The starting point is (44). Both S-matrices are expanded according 
to (41), but v(x) may be replaced by v(x). For weak collisions, only 
terms of second order in the electric field are retained. There are three 
such terms: the second order term in S, times the zeroth order term 
in Sj, the zeroth order term in S; times the second order term in SH 


+ Both (101) and (106) can be obtained by integrating over z in (90) before performing 
the (x1, x2) integrations. 
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and the product of the two first order terms. Hence, including weak 
collisions only, one can write 


We? (<aa* | 1 — S,S* | bB*Y)> 


= Bag Sal re |€> Se 751 > J dey [dey Broly) Eyal) 
ove : (107) 
+ BaD) al rel y>* Cy ire 1B>* fd [ * duaBol ots) Ere) 


ovy 


—Y <al re > alr, |BD* fo day dug (ea) ta). 


The average of E,, E,, over all orientations is given by (87). The integrals 
over u, and uw, are elementary and one finds 


<<aa* | #? | bB*>> weak collisions 
= ~ ih <<aa* |Q | B8*>> [ fle) do(4n/3) mor? [” p-Adp, (108) 


<aac* | | B*>> =D) (DY al ra 16> <el re > 
+Q <a lre1y>* y 1761 B>* — 24a | 7616) <a| 761 B>*) [af (109) 
y 


If v; and v, are the two principal quantum numbers, matrix elements 
of r in the initial and final states are of order v3a) and vay, respectively. 
The cross terms in (109) can therefore be appreciable for the H, and 
A, lines, in spite of the fact that their number is smaller than that of 
the direct terms. Their effect, actually, is to reduce the broadening. 

The p-integral in (108) diverges at both ends. Here, the upper cutoff 
at 1.I7p is essential, of course. The lower cutoff is still more arbitrary 
than in the last section, but again its exact value is not very critical. 
Then, a Lorentz term is added to take care of strong collisions. 

The actual job of evaluating the various matrix elements of Q, those 
of 4 in (31), and inverting a matrix in order to calculate the line shape 
(53), involves a fair amount of work in the case of Balmer lines. For 
Instance, for H,, the matrices are really 64 x 64 and further approxi- 
Mations must be made. Note, that, at this stage, the splitting due to 
the ion field must be taken into account in H,, and Hx; As the repre- 
Sentation | aa*>> has not yet been specified, one can choose, for instance, 
that in which Ha, and HX, are diagonal. In that case, Mozer (1960) 
found that # was mostly diagonal too and he performed the matrix 
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inversion by perturbation theory, considering the off-diagonal elements 
as small. The high Balmer lines lend themselves to many further approxi- 
mations and were studied by Griem (1960). Once the line shape (53) 
has been calculated, one must still integrate it with the probability 
distribution of the ionic field (see § 6) and fold in the Doppler effect 
if it is important. 

The comparison of these calculations with experiments is deferred 
to §7. The same effective perturbation # (usually without lower state 
interaction) may be used to study electron broadening in nonhydrogenic 
atoms, such as helium, when levels of same principal quantum number 
are nearly degenerate, i.e., when the forbidden line in the neighbor- 
hood of an allowed line is appreciably excited. This has been done 
(Griem, 1959; Griem et al., 1962a) with considerable success. 


4.4 ELECTRON BROADENING IN NONHYDROGENIC IONS 


This case differs from that of nonhydrogenic neutrals by the fact 
that the electrons follow hyperbolic trajectories instead of straight lines. 
As a result, the integrations are slightly more difficult and the function 
C(z) is changed. But a more interesting consequence is that the Coulomb 
attraction provides an automatic cutoff at the lower end of the integra- 
tion in (96). This unexpected result arises because, when the hyperbola 
is strongly curved, the axial component of the electric field of the 
perturber changes sign twice during the collision, so that its first order 
effects tend to cancel. Hence, the cutoff will occur for an impact para- 
meter such that the Coulomb scattering angle is of order 1 radian. 
If this is larger than the strong collision cutoff pmin of § 4.2, the addition 
of Coulomb attraction between the perturbers and the atom actually 
decreases the broadening! If it is smaller, the straight path result is not 
appreciably changed. 

It is of interest to compare this new cutoff with A in order to check 
once more into the validity of the classical path approximation. If L is the 
angular momentum in units of % and 7 the usual Coulomb parameter 
(Z’ is the charge of the ion) 

n = Z'é/hv, (110) 


the relationship between L and the scattering angle @ is 
L = 7 cot (6/2). (111) 


The cutoff comes when cot (6/2) is of order unity, i.e., for L ~ y. But 
n is always larger than unity, hence the cutoff always comes before 
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quantum corrections set in. It is well known also in the theory of 
Coulomb scattering that large » corresponds to the classical limit. To 
show that 7 is always large, one can start by writing 


nt = Z? Ryle w Z Ry/kT (112) 


where Ry is the Rydberg energy. But Z’* Ry is always larger than J, 
the ionization potential of the last ionized electron, at least if one 
excludes the K shell; and J is of order kT log I’ by Saha’s equation, 
I being the parameter (24). Thus 7? is larger than log I’, which is 
always appreciably larger than unity. 

Study of this case was made by Baranger and Stewart (1962). Most 
applications arise in opacity calculations, where one is concerned with 
the width more than the shift. The foregoing discussions have implied 
neglect of the interaction in the lower state. Of course, one is not allowed 
to neglect the scattering of the electron by the Coulomb field when the 
ion is in its lower state. But (83) shows that this cancels against the 
identical scattering in the upper state. Other sources of elastic scattering 
are usually less important than inelastic scattering, hence, for an isolated 
line, the problem is reduced once more to calculating o, in. In most 
opacity applications, perturbation theory is valid all the way to close 
collisions, i.e. the Coulomb cutoff occurs before the strong collision 
cutoff.t Then the calculation of o; in becomes identical to the perturba- 
tion treatment of the cross section for Coulomb excitation of a nucleus, 
a problem which has received a lot of attention and for which there 
exists an exhaustive review article (Alder et al., 1956) including a treasury 
of formulae and curves relevant to the present study. As this review is 
completely quantum mechanical, it becomes convenient to discuss our 
problem quantum mechanically too in spite of the fact that we are in 
the classical limit. 

Instead of (96), one finds the following width 


2 4r 9 
= J fe) do noRt Dy Ben 5 feulto th) (113) 


Here f, is the function defined by Alder et al. with one difference: 
whereas they are interested in the case where the Coulomb interaction 
is repulsive, ours is attractive and the relation between the two cases is 


(see their Eq. II.B.59) 
(fer)att = €?*!*!( fry)rep. (114) 


TIE the strong collision cutoff is the one that is effective, one can use the results of 
$4.2 without change. 
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é is defined by 
& = 1% — 1 (115) 


and 7, and », are the Coulomb parameters of the perturber before and 
after the inelastic collision, respectively. In our case, € is always small 
compared to 7 so that one can write 


€ = — yliw,,/2«. (116) 


In the classical limit, fz, depends only on € and ( fp)rep is graphed by 
Alder et al. (Fig. II.4). It is an even function of €. For small €, one has 
approximately 


(9/32n*) frx(€) © log (2/y | € |), (117) 
i.e., one can write (100) again, with the same pmax but with a lower cutoff 


= | €|a/| wy, | = Z'e?/2e (118) 


Prin 


provided by the Coulomb interaction. This is also the quantity usually 
called a, half the major axis of the hyperbola. In terms of angular 
momentum, it corresponds exactly to 


Lintn = (119) 


the relation surmised earlier. 


9 CLASSICAL 





é 


Fic. 2. The Gaunt factor in the classical limit, i.e., large 7. 
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The function f;, can also be expressed in terms of the Gaunt factor g 
(Gaunt, 1930) 


(9/32m*) fex(nis 2x) = (7/V3) e(ne 1)- (120) 


The Gaunt factor equals unity for large € and, even at € = 1 (and 7 
large), it is still only 1.2. A rough graph is given in Fig. 2. By comparing 
(103) and (118), one sees that the limit of large € or unit Gaunt factor 
is that where the lower, Coulomb cutoff starts to become larger than 
the upper, adiabatic cutoff. Then, all the inelastic cross section is 
contributed by strongly curved hyperbolae. This is also known as the 
Kramers limit (Kramers, 1923), but it does not usually arise in width 
calculations. 


4.5 ELECTRON BROADENING IN HypDROGENIC IONS 


Electron broadening in hydrogenic ions was investigated by Griem 
and Shen (1961a). The discussion is similar to that of § 4.3 except that 
the time integrals have to be performed for hyperbolic trajectories. 
They show very simply that, for each impact parameter, this reduces 
matrix element (107) by the factor (1 + 7?/L*), and the same result 
comes out of the general formulae of Alder et al. Of course, the dipole 
matrix elements appropriate to an ion of charge Z’ must be used in 
(107) or (109). If the Coulomb cutoff (118) is smaller than the strong 
collision cutoff, the results of § 4.3 are not appreciably changed. This 
is the more common situation for lines produced in shock tubes. Un- 
certainties associated with the strong collision contribution are not 
critical as this contribution is small. On the other hand, if the Coulomb 
cutoff is the larger one, the p integral in (108) becomes log (pmax/pmin) 
with pmax = 1.17p and pmin given by (118). Then, the broadening is 
actually decreased. 


5 Corrections to the Impact Approximation 


5.1 VALIDITY OF THE IMPACT APPROXIMATION 


As mentioned previously in § 2.4 and throughout §3, the impact 
approximation is valid when the average collision is weak, so that the 
time necessary to disturb the atom appreciably is large compared to 7, 
a representative collision time. Then, the question that arises is, how 
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far down in the wings can one expect the shape of a line to be correctly 
given by the impact theory. The answer is that it holds for frequencies 
small compared to 7-1. It is clear that the expression derived in § 3.3 
for ®(s) holds only for s > 7. Hence its Fourier transform F(w) is 
correct only for w < r—1, with frequencies counted from the unperturbed 
line. If the width and shift are both small compared to 7~!, then the 
central core of a line is well represented by a Lorentz shape. The 
Lorentz shape may also stop holding in regions of the spectrum where 
several distant lines make approximately equal contributions; but, if 
the frequencies involved are small compared to 7~}, the correct answer 
can still be obtained by using overlapping line theory. 

Perhaps it is worth noting at this point that under no circumstances 
can the collision time be smaller than #/e, « being the electron energy, 
which is of order kT. This lower limit on 7 is due to the finite size of 
the wave packets, which are necessarily large compared to A. Hence 
71 is always small compared to RT/h. 


5.2 THE ONE-ELECTRON APPROXIMATION 


Sometimes, one is interested in finding the spectrum far away in the 
wings, where the impact approximation does not hold. An instance of 
this arises in the opacity problem. To calculate the Rosseland mean 
opacity (Chandrasekhar, 1957, p. 212), one integrates the product of a 
certain weight function by the inverse of the photon absorption coeffi- 
cient. Thus the result is mostly sensitive to the form of the latter in 
the frequency regions where it is small, i.e., in the windows, far from 
the line centers. The cores of strong lines may be replaced by regions 
of infinite absorption, but the shape of the windows must be known 
accurately (Baranger and Stewart, 1962). 

Fortunately, there exists a simple prescription to calculate these 
remote parts of the spectrum. If the impact approximation is valid in 
the line centers, then the wings and the windows can be calculated with 
the one-electron approximation. This consists in calculating the spectrum 
with a single perturbing electron present, then multiplying by the total 
number of electrons. To understand why it is so, one has only to realize 
that, for frequencies very different from the unperturbed line frequencies, 
F(w) arises from the behavior of ®(s) at very short times. But, even for 
relatively long times such as the As of § 3.3 or § 3.6, we saw that the 
various electrons simply add their effects if the impact approximation 
is valid. A fortiori, they will add for times shorter than that. 

It is clear, for instance, that the one-electron approximation is capable 
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of explaining how the far wings of a line might eventually turn into 
the quasi-static shape (see § 6). This would arise from values of s smaller 
than the collision time in a close collision. Then the electron motion 
becomes negligible, provided quantum mechanics does not have to be 
taken into account. It is also clear that the one-electron approximation 
is never valid in the line cores. It actually gives a divergent result there. 
The rounded top of the Lorentz curve is always a many-perturber 
effect. However, when the impact approximation is good, there is a 
large overlap between its region of validity and that of the one-electron 
approximation. The latter holds for w >> w and the former for w <r. 


f hw p' 


Fic. 3. Feynman diagram for the window calculation. The heavy line represents 
states of the ion, the lighter solid lines represent the perturbing electron in Coulomb 
scattering states. The wavy line is the photon and the broken line the interaction between 
the ion and the electron (exclusive of its Coulomb part). Another diagram, where the 
electron interacts with the ion after emission of the photon, has been neglected. 


The argument for validity of the one-electron approximation may 
also be given a slightly more quantum mechanical form. Consider an 
excited atom being perturbed by electrons and consequently in a time- 
dependent state. It enters state 7 which is susceptible of emitting light 
With simultaneous decay of the atom to state f. But we are interested 
in a light frequency w which is very different from w,,, Hence, the 
Original state 7 is very energy nonconserving and, by the uncertainty 
Principle, cannot last a time much longer than (w — w;,)~1. Of course, 
the energy deficiency is made up by the perturbing electrons and the 
over-all process is energy conserving. We want to look at the wings 
and the windows, where (w — w,,)-! < w-l. Again we appeal to § 3.3 
°r §3.6 to argue that, when the impact approximation is good for the 
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line cores, the perturbing effects of the various electrons are additive 
for times smaller than w-!. In other words, w7? is essentially the average 
interval between collisions and, if the excess energy must be carried 
away in a time short compared to w7}, it has to occur through a single 
collision. 

We shall sketch briefly the calculation of the window spectrum for 
the case of light emitted by an ion (Baranger and Stewart, 1962). In 
the upper state, the ion interacts with a single electron. Coulomb 
functions must be used as unperturbed electron wave functions. The 
perturbation in the lower state will be neglected, which simplifies the 
algebra considerably. The perturbation in the upper state will be treated 
in first order. This is usually good because Coulomb effects cutoff the 
contribution of strong collisions. Then the process can be represented 
by the Feynman diagram of Fig. 3. The ion starts in state k and inter- 
action with the electron induces transition to state 7, while the electron 
jumps from state p (energy «) to state p’ (energy ¢’). Then, the ion emits 
the photon and decays to state f. The interaction is given by (2) and 
the field by (85). The spectrum is given by (5), but what was called 7 
there is now a scattering state built upon the unperturbed states k 
and p of the ion and the electron. Hence 


Fw) = Y) prppS(wx + «/ — wy — w — €'/h) 


kfp’ py 


<f1 4,1 <p |d Ey | Rep P 

_ | py R(w + wy — w) - 

The 5-function takes care of over-all energy conservation. As for pp 

and gz’, they are Coulomb wave functions for the electron in the field 
of the ion, with outgoing and ingoing scattered waves, respectively. 

The result can again be expressed in terms of the functions fp, or 

g of §4.4. The Coulomb wave functions are expanded in spherical 

harmonics. The normalization of the incoming plane wave in gz is 

taken to be m per unit volume in order to add the effects of all the 

electrons. There is a little bit of algebra with Clebsch-Gordan coeffi- 

cients and one finds 


foo} 4 6 
Plo) = | fle) do! oe 5 Fag lo le) 
fit! 


x max (1, I) max (;, 1.) Ry Rep RaRen = a ae, .’) (122) 
21; +1 (w + wy — w,)(w + w, — w,,) V3 
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with ‘ . 
Ry = [ Rir) Ri) Par. (123) 
0 


The summations in (122) do not include any magnetic quantum numbers 
and, besides, one must have J, = 1; + 1, 1; = 1; + 1. The final electron 
energy «’ still appearing as argument of the Gaunt factor is given by 
energy conservation, 


e—e' = h(w + wy — ay). (124) 


As the classical limit is always valid, g depends only on the variable é, 
which can usually be approximated by 


= nii(w + wy — w,)/2e. (125) 


One sees that € vanishes for w = w,,, which is the frequency of a 
forbidden line. The corresponding divergence in F(w) will be discussed 
in the next section. If one stays away from these forbidden lines, the 
conditions of the Kramers approximation (€ large) are often realized 
and one can replace the Gaunt factor by unity. 

Expression (122) has been applied to the opacity problem by Pyatt 
and Stewart (1962). The continuous spectrum that it yields in the 
windows is much stronger than the light scattering given by the Kramers- 
Heisenberg (1925) formula and may be of the same order of magnitude 
as the contribution from bound-free transitions, especially in the vicinity 
of absorption edges. One has to reckon also with the quasi-static 
broadening arising in the windows from ion perturbers approaching 
very close to the light-emitting ion. But this is not as important as 
one might think, because the Coulomb repulsion between the two ions 
tends to keep them apart (see § 6). 

To show the overlap between the one-electron approximation and 
the impact approximation, we shall use (122) to calculate the width of 
an isolated line i> f. Only terms with 7’ = 7 contribute. One can replace 
Px by p; as levels k and i are usually close. For unperturbed lines, the 
Spectrum would be given by (5). After summation over magnetic 
quantum numbers, (5) becomes 


F(w) = >) pe?R®, max (1;, 1) (wo — wi). (126) 
if 


If a line is broadened, the 8-function is replaced by a Lorentz shape 


d(w — wiz) > 7 w,/[(w — wy — d,)? + w?]. (127) 
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Far from the line center, one can neglect the shift and the width in the 
denominator. Then, comparison with (122) yields 


ee i 4n etn max (J;, 1.) 52 7 ; 
w= I, f(v) dv 3 Rv pz i, 4 Rix vie € ); (128) 





which is identical with (113) with the understanding that, in (113), one 
has neglected the variation of the Gaunt factor with w and taken it at 
the unperturbed line frequency. It is this neglect of the change in the 
Gaunt factor which constitutes the impact approximation. 


5.3. ErrecT OF DEBYE SHIELDING 


As in the broadening of hydrogen lines, the logarithmic divergence 
arising at forbidden line frequencies is due to large impact parameters 
and disappears when shielding is taken into account. The recipe for 
taking into account shielding was already explained in §4.2: if 
| w + wy — ow, | is smaller than wp, one should use wp in the calculation 
of € and the Gaunt factor. The recipe is only approximate as our treat- 
ment of Debye shielding was quite simplified and, in any case, the 
truth should certainly be a smooth function of w. But | w + w; — a, | 
enters only as the argument of a logarithm, so that this simple recipe 
is probably sufficient. 

For example, consider the validity of the impact approximation 
applied to line 7 f, near which there is a forbidden line k > f. If 
wp > |w;—,|, then the Debye cutoff is operative in the whole 
frequency region; the overlapping lines formulation of the impact 
approximation is valid everywhere and the effective perturbation # is 
the same as for hydrogenic levels. But if wp < | w; — w, |, the impact 
approximation is good only in the immediate vicinity of the allowed 
line; to calculate the window between it and the forbidden line, the 
variation of the Gaunt factor with w must be included. The same results 
hold for lines emitted by neutrals, with the logarithm of Eq. (100) 
replacing 7g/1/3. 

It is worthwhile repeating this discussion from a somewhat more 
classical viewpoint. In § 5.1, we used the collision time 7 as a measure 
of the time for which the electric field is correlated. Because of the 
long range correlations, we should really have used wp! which is usually 
larger. This is of special importance for the calculation of hydrogen lines 
(Lewis, 1961). Actually, the impact approximation stops being valid 
for frequencies of order wp which, for typical hydrogen lines, is not 
very far in the wing at all. 
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For a general discussion of the correlations, one can restrict oneself 
to weak collisions, since this is where the trouble arises. We shall use. 
a general formula for F(w) which does not make the impact approxima- 
tion, but includes the perturbing field in second order only. It gives 
the contribution of the weak collisions to the wings and the windows, 
just like the one-electron approximation combined with perturbation 
theory in the previous section. We neglect interaction in the final state 
and take its frequency as origin. According to (29), the second order 
term in Qs) is 


@(s) = —h-*? DY Gi’ | Did Gi] d, | RD <RI a, 17”) 


ii’kov 
8 t : . 

x i) dt [ dt! e-imi(s-#) g-tnylt-t) gin’ (E(t) E(t’) ay (129) 
0 0 


and the corresponding F(w) is given by (9). The average of the product 
of two electric fields depends only on the difference ¢ — t’. If one 
changes to the variables s —t=u, t —t’ =7, t' = v, all of which 
vary from 0 to + ~, the integrals over u and v are trivial and one finds 


F(w) =7I1B > (w — w,)7 (w — wy) 


ti’kov 


x <i] Did Gil dy | AD Chl dy i?) J dretomen [B(7) EO)lay- (130) 


For an isolated line, w,and w, are the same. The impact approximation 
consists in replacing w by w, in the 7 integral; then, one gets back the 
wing of a Lorentz line, with the width of § 4.2. Therefore, the proper 
way to correct the impact theory is this: wherever w,, occurs, one must 
replace it by w — w, or, if the unperturbed line is now taken as origin, 
w + w,,. In particular, the cutoff pmax to use in (100) is either 1.1I7p 
or 1.1v/| w + wy, |, whichever comes first. 

In the hydrogen case where w,, = 0, this means that, for | w | > wp, 
the weak collision logarithm must be reduced by an amount log (| w |/wp). 
Since the original logarithm is usually between 2 and 5, this means 
that the reduction in the electron contribution to wing broadening 
May be appreciable for frequencies that are several times the plasma 
frequency. Frequencies of astrophysical interest are actually in that 
tange. This correction was not included in published work on wing 
broadening of hydrogen lines (Griem et al., 1959; Griem, 1960); 
however, it is partly compensated by the fact that the contribution 
from strong collisions was not included either. 
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6 Broadening by Ions 


If the quasi-static approximation is going to be made, one must first 
calculate the Stark splitting of the line considered. This is standard 
(Bethe and Salpeter, 1957). In hydrogenic atoms, one has linear Stark 
effect; in other atoms, it is quadratic for small fields and linear for 
large ones. The same radial integrals (95) or (123) enter in this calcula- 
tion as already occurred in the electron contribution. 

Next one must know the electric field distribution. This was calculated 
long ago by Holtsmark (1919) for independent ions. Actually, the ions 
are correlated within themselves and also with the electrons. The 
importance of these correlations is measured by the quantity 7/rp, 
with 4773/3 = n-1. In all shock tube or arc experiments, 74/7p is in the 
neighborhood of 3 so that the correction is important. Ecker and 
Miiller (1958) proposed to include it by replacing the Coulomb field 
(85) used by Holtsmark by the Debye field 


(er,/r?) (1 + 7/7'p) exp (— /r'p). (131) 


They want rp to represent shielding of the field of an ion both by the 
other ions and the electrons, hence they take 


ry = (RT/8nne2)1/2 (132) 


if the ions are singly charged. This procedure is questionable when it 
comes to represent the shielding by the other ions, since the Debye 
shielded field is a long-time average while one desires the distribution 
of the instantaneous field. Mozer and Baranger (1960) showed that one 
could take the ion-ion correlations into account by means of a cluster 
expansion and obtained ionic field distributions both at a neutral atom 
(Fig. 4) and at a singly charged ion. Actually, their results are not very 
different from those of Ecker and Miller. 

To investigate the validity of the quasi-static assumption (Spitzer, 
1940; Holstein, 1950), one remarks that the motion of an ion introduces 
into the line shape Fourier components of order 7~1, where 7 is the 
ion collision time. If 5 represents the splitting caused by the field of 
this ion, motion can be neglected if 


83> (133) 


For a very close ion, 7~1 is large, but 6 increases faster than 7! so that 
the quasi-static picture is better for close ions. If the width of a line 
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is large compared to a typical 7-1, the quasi-static approximation is 
valid for the whole line. Even if this is not the case, the quasi-static 
approximation is still valid in the wings of a line, as soon as condition 
(133) becomes satisfied. This is very useful in astrophysical applications, 
where one is often interested only in the wings. 





(e) | 2 3 4 B 


Fic. 4. Probability distribution of the ionic field at a neutral point, for various values 
of the parameter 7,/7p. For notations, see text following (134). The case 7o/7p = 0 is the 
Holtsmark distribution (after Mozer and Baranger, 1960). 


The large electric fields associated with the far wings are due to a 
single ion approaching very close. Questions of correlation are then 
irrelevant and the field distribution tends toward the asymptotic form 
of the Holtsmark distribution, 


H(B) ~ 1.58787. (134) 


Here, f is the electric field in units of e/r2 and the normalization is 
[ H(8) dB = 1. (135) 


However, if the line is emitted by an ion, the repulsion between the two 
ions must be taken into account and one finds for singly charged ions 
the asymptotic form (Lewis and Margenau, 1958) 


H(B) = 1.56-9? exp [— § (ro/rp)? B*”)- (136) 


The wings of ion lines are thus cut down by the Coulomb repulsion. 
In a window calculation such as that of § 5.2, the contribution of ion 
Perturbers is then small compared to that of the electrons. 
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In nonhydrogenic atoms, for which the Stark splitting 6 is smaller 
than in hydrogen, one often happens to be in the case where neither the 
quasi-static nor the impact limit is valid for the ions, as far as the line 
center is concerned. Fortunately, this is the case where ion broadening 
is smaller than electron broadening so that some pretty crude approxima- 
tions can be made. Griem et al. (1962a) have taken ion motion into 
account by assuming that ion interactions with the atom are scalarly 
additive. This is not strictly correct; one must add the electric fields, 
not the interactions themselves. But it is true in the impact limit, as we 
have seen repeatedly. It is also true in the wings in the quasi-static 
limit, as discussed above. Hence it can be expected to be a reasonable 
compromise when the quasi-static approximation does not hold in the 
line center, especially since the over-all effect is small. The above authors 
neglected also the rotational degeneracy, treating all states like s states. 
Then, the adiabatic approximation can be used, since ions are much 
slower than electrons, and the line shape is given by the phase integral 
formula (Anderson, 1952) 


— p-ids—ws { — 7-1 r id 

G(s) =e [exe ( ih J, v(t) dt) al (137) 
Here, v,(¢) is the interaction of the atom in its upper state with a single 
ion and the average is over all types of collisions. The first factor in 
@(s) takes into account the width and shift due to electrons, as calculated 
in § 4. Griem et al. (1962a) actually integrated and Fourier transformed 
expression (137) numerically, assuming straight trajectories for the ions. 
Debye shielding was not taken into account since this is only a small 
correction. 


7 Comparison with Experimentt 


The last few years have seen the simultaneous completion of realistic 
line shape calculations, based on the theory developed in earlier sections, 
and of clean and reproducible experiments against which this theory 
can be checked. In this section, we shall give a few examples of the 
agreement between the two. Further details can also be found in Chapter 5 
§ 6.1, §6.2, and especially § 7.4, where the results of some recent 
calculations on H, and the Hel lines are given. 


+ The suggestions of Dr. H. R. Griem concerning this section are gratefully acknow!- 
edged. 
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Figure 5 shows a comparison with theory of an H, profile arising in a 
water-stabilized arc (Bogen, 1957). The temperature T = 10,400°K 
and the electron density » = 2.2 x 10!®cm-® were determined by 
Bogen from measured absolute line intensities, assuming thermal 
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Fic. 5. The solid line is the Hg profile of Bogen (1957). The black dots are theoretical 
points from Mozer (1960). The broken line is the Holtsmark theory. 


equilibrium. The theoretical points are calculated for this density; 
only the total intensity is adjusted. Although Bogen’s profile might be 
subject to large errors in the far wings, the agreement is seen to be good. 
On the other hand, a calculation done with the Holtsmark theory, i.e., 
without including any electron contribution and without shielding the 
ion field, is in definite disagreement with experiment. 

Figures 6 and 7 refer to neutral helium lines. The experiment was 
performed with a pulsed arc by Wulff (1958). The temperature is about 
30,000°K, but he cannot really determine the electron density inde- 
pendently. However, since he has many lines, one can try to fit a theore- 
tical profile to each line and see if the various values of the density so 
obtained are consistent. They are indeed, the deviations from the mean 
value of 2.5 x 106 cm? being at most 10% in all cases. This agreement 
1s not trivial, as can be seen by repeating the fit with the adiabatic 
theory (Lindholm, 1941; Foley, 1946; Unséld, 1955), in which case 
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deviations from the mean value by factors of two are found. In the 
figures, the theoretical profiles have been computed for this mean 
density, » = 2.5 x 10'®cm-%. Figure 6 is an isolated line, while in 
Fig. 7 a small forbidden component is beginning to show up and is 
rather well reproduced by theory. 
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Fic. 6. Experimental and theoretical profiles of He I 4713 A (Griem et al., 1962a). 


The H, profile in Fig. 8 was obtained by Wiese et al. (1962) in a 
wall-stabilized arc. They fitted the theoretical profile to half-width 
and maximum intensity, from which an electron density n = 8.45 x 
1018 cm-3 was deduced. However, there is an independent measurement 
of m: a temperature of 12,530°K is deduced from the absolute intensity 
of H, and x follows by assuming thermal equilibrium. The accuracy of 
this method is believed to be better than 10%, and it yields nm = 8.30 X 
106 cm-3, Figure 9 is an Hy profile by Shumaker and Wiese (1961). 
Here again, they sought the density that gives the best fit with the theore- 
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Fic. 7. Experimental and theoretical profiles of He I 3965 A (Griem et al., 1962a). 
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Fic. 8. Experimental and theoretical profiles of H, (Wiese et al., 1962), communicated 
before publication by Dr. Wiese). 
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tical profile and found 2 = 9.2 x 10'*cm~-3. The point of the experi- 
ment was to show that the measurement of line profiles or half-widths 
can be used as a thermometer. The H, line arises from a trace of hydrogen 
introduced in an oxygen arc. From the density n, they deduce a tempera- 
ture of 12,830°K by assuming thermal equilibrium. This compares 
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Fic. 9. Experimental points and theoretical line for Hg (Shumaker and Wiese 
(1961), communicated before publication by Dr. Wiese). 


very well with the value of 12,710°K obtained from absolute line intensi- 
ties. Generally, an error of 10% in the electron density will correspond 
to only 2% in the temperature. Similar work, but in shock tubes, has 
been done by Doherty (1961). In Fig. 9, one can also notice the asym- 
metry between the blue and the red wing of the line. This is understood 
as arising from several small effects: quadratic Stark effect, the factor 
w* in (4), the changeover from frequency to wavelength scale (Griem, 
1954). 

In the past, arc experiments have tended to be more accurate than 
those done with shock tubes, but there are indications that this may 
not continue to be the case. Figures 10-12 show Balmer line profiles 
obtained in shock tubes by Berg et al. (1962). Electron densities were 
determined from absolute continuum intensities and temperatures from 
relative line and continuum intensities. These density and temperature 
were used to calculate the theoretical profiles; only the absolute intensity 
was adjusted. The profiles were gotten by scanning with monochromators 
from shot to shot and there results a certain scattering in the points, 
but the half-widths seem to be quite reproducible. The same authors 
have obtained similar profiles for neutral and ionized helium lines. 
Table I gives a summary of their findings. The errors accompanying 
the calculated widths and shifts are only a reflection of the error in the 
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independent measurement of m and do not include any estimate of errors 
in the theory. It is seen that one can expect agreement between the 
measured and calculated half-widths within 5% for hydrogen and 10% 
for helium. The agreement between the shifts is not so good. For those 
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Fic. 10, Experimental and theoretical profiles of H, (Berg et al., 1962), communicated 
before publication by Dr. Griem). 


few shifts that are significant, the calculated value seems to be a little 
too large. The reason for this is not clear at the moment, but it might 
be pointed out that the shift of neutral helium lines receives a large 
contribution from the ions, the calculation of whose effects, outlined 
at the end of §6, is extremely crude. Fortunately, the width is very 
insensitive to the way in which the ions are treated. 
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In conclusion, one can say that, in the range of temperatures and 
densities covered by the above experiments, the measurement of line 


widths (not line shifts) appears to be the simplest way to determine 
the electron density, its accuracy being comparable to that of the other 
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Fic. 11. Experimental and theoretical profiles of H g (Berg et al., 1962), communicated 
before publication by Dr. Griem). 


methods. Moreover, in conjunction with the equations of thermal 
equilibrium if they hold, and if the pressure and chemical composition 
are known, it is also one of the best thermometers. 

We end by giving references to the most complete calculations of 
theoretical profiles. They are: for Hs, Griem et al. (1962b); for other 
hydrogen lines, Griem et al. (1960); for neutral helium, Griem et al. 
(1962a); for ionized helium, Griem et al. (1962c). No detailed calcula- 
tions have yet been done for other atoms, although in most cases this is 
Possible along the lines of § 4.2 or § 4.4. As pointed out there, such 
calculations require an estimate of the oscillator strength between two 
Close excited levels. This can be obtained, for instance, by the method 
of Bates and Damgaard (1949). 
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Collisions between atomic systems differ markedly from collisions 
involving free electrons. They are more complicated in that a wider 
variety of reaction path may be followed: for example, the projectile 
as well as the target may have structure and hence may undergo excitation 
or ionization; and again, in addition to the possibility of electron exchange, 
the possibility of charge transfer arises. Further, owing to nuclei being 
much more massive than an electron, the energy of relative motion 
remains above the inelastic thresholds down to much lower velocities 
of relative motion.t This is of great importance since the velocity, 
rather than the energy, is the parameter determining whether many of 
the approximations which might be suggested may properly be used; 
and in many cases the lower its value the more refined must be an 
approximation if it is to be acceptable. Fortunately, the massive nature 
of nuclei also enables some simplification to be effected. Because of it, 


t A proton with the same velocity as an electron which is just able to ionize a hydrogen 
atom has an energy of about 25 kev. 
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the nuclei of the colliding systems may be regarded as classical particles 
except at very low velocities of relative motion; indeed, in many cases 
they may even be regarded as classical particles of infinite mass. 


1 First Born Approximation 


When the velocity of relative motion of the colliding systems is high, 
the cross section for a given process may be obtained by the use of the 
first Born approximation. In this approximation it is assumed that the 
incident and scattered waves associated with the relative motion are 
plane, or, alternatively, that the nuclei are classical particles of infinite 
mass; it is assumed that all the transition matrix elements are weak; 
and it is further assumed that there is no exchange of electrons between 
the systems. The simplified form of the first Born approximation known 
as the Bethe approximation (cf. Mott and Massey, 1949; Seaton, 1955) 
will not be discussed. 


1.1 Wave TREATMENT 


The wave treatment is formally the same as in the case of an encounter 
with a free electron. As is well known, it gives the cross section for a 
collision in which there is a transition from an initial state p to a final 
state g to be 


M%», (3 
O(P, 9) = arpa [1H IP alcos 4) (1) 
is He 
where 
N= | VXVY, dr (2) 
cos 9 = Vp ° Vy, (3) 


M is the reduced mass of the colliding systems, v, and v, are the 
velocities of relative motion when the states indicated by the subscripts 
are occupied, ¥,, and Y, are the corresponding wave functions suitably 
normalized, and V is the interaction potential. 


1.1.1 Excitation and Ionization of Atoms by Bare Nuclet 


Taking the change of momentum instead of the change in the direction 
of the relative velocity vector to be the variable in the integral, (1) becomes 


= 1 Kmax ; 4 
OP, 1) = FaAPoe Pe (4) 
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ith 
" K = x, — %, (5) 
x, = Mv,/h, xq = Mv,/h. (6) 
It is seen that 
Kmin = ty — Kg (7) 
_ 4E AE 
=e, (+ aier) @) 


AE being the threshold energy of the process; and that 
Kmax = Kp + Kg (9) 


which is large enough to be taken as infinite. The values of the limits 
differ from those in the electron case where Kmin is seriously under- 
estimated by (8) and Kmax is not effectively infinite unless the velocity 
of relative motion is high. An obvious consequence of the difference 
is that the cross section ”Q for an inelastic proton-atom collision ap- 
proaches the cross section °Q for the corresponding electron-atom 
collision from above as the velocity is increased. The cross sections are 
related quantitatively. Using (4) it may readily be shown that °Q at 
velocity v may be expressed in terms of ?Q at velocities v; and v, such 
that 


v%, = v/(1 +8) (10) 
and 
== 6 ll 
where ra i 
8 = AE/2mv? (<1), (12) 


m being the electronic mass; thus, 


(0) = Gaepe POC.) — # 00D} (13) 


(Bates and Griffing, 1953). 

In the simplest group of processes of the type under consideration, 
the target A is a nucleus of charge Z,e with a single orbital electron and 
the projectile B is a bare nucleus of change Z,e so that 





PY, = Xp(ta) exp (tx, + R), Yo = Xd(ta) exp (tx, + R) (14) 
2,2 Z 
cx yd ab b 

ae ae (R—r,| 15) 
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where r, and R are the position vectors of the electron and of nucleus B 
relative to nucleus A and where x, and x, are the relevant atomic 
eigenfunctions normalized to unity as usual. Substitution in (4) yields 


Op. 9) = & Se, (eg) Pe ae na (16) 
with 
I(p, 9) = | x(t) xelta) exp (— it + 14) dr, (17) 
F= g mv? /Tyy (18) 
tin = AERA) |, 4 mABlP 9) (19) 


r, being here measured in units of ao, the radius of the first Bohr orbit 
of hydrogen and 4E(p, g) in units of Jy, the ionization potential of 
hydrogen. 
Bates and Griffing (1953) have carried out calculations on transitions 
from the Is state to the 2s, 2p, 3s, 3p, 3d, and « (continuum) states, 
The .%’s may be expressed in terms of 


thus, res ee (20) 
| (1s, 2s) |? = 217r4/(472 + 9)8 
| A(1s, 2p) |? = 215 x 3%72/(472 + 9)8 
| A(1s, 3s) |? = 28 x 3%(2772 + 16)? r4/(97? + 16)8 (21a) 
| A(1s, 3p) |? = 22 x 3°(2772 + 16)? 72/(972 + 16)8 
| A (1s, 3d) |? = 217 x 37r4/(97? + 16)8 

and 

(iad Pa ee we [= (2/x) tan“ {2«/(1 +7? — «*)}] (21b) 








3{1 + (7 — x)?}8 {l +(7+ «)?}8 {l — exp (— 2n/x)} 


in which « is such that «7J;; is the energy of the ejected electron (Massey 
and Mohr, 1933). Integrals (16) for the Q’s are best treated by numerical 
methods. 

In the low-energy region defined by 


AE <E<100MA4E (22) 


where the energy of relative motion E and excitation energy JE are 
in electron volts and the reduced mass M is on the chemical (160) scale, 
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the derived cross sections for collisions giving 1s—>2s and 1s — 2p 
transitions may be represented by 


O(s, 2s) = [1.3 x 10-8Z2E*/M*AE(1s, 2s)*] 7a? (23) 
and 
Q(1s, 2p) = [7.4 x 10-°Z2E5/M®AE(Is, 2p)"] na?. (24) 


It is seen that the cross sections are small, are rapidly increasing functions 
of the velocity of relative motion, and, for a given class of transition, 
are rapidly decreasing functions of the excitation energy. According to 
the first Born approximation these features are a general characteristic 
of collisions between atomic systems. Many such collisions do indeed 
exhibit them; but many do not. Use of the first Born approximation 
in the low-energy region concerned is, of course, unjustified. 

The cross sections may also be expressed in simple algebraic form 
at high energies. Let & denote the projectile’s impact energy in kev 
(the target being taken to be stationary). Introducing 


x = 6/M,Z? (25) 


it is found that if the numerical value of this parameter is greater than 
about 100, then 








Zz 78 
Q(Is, 2s) = 11.1 Za (1 ——>) na (26) 
and 
2, 
OlIs, 2p) = 128 22, (log x — 1.185 + 1) wai. (27) 


a 


Results in the intermediate energy region not covered by (23) and 
(24) or by (26) and (27) are presented in Fig. 1 for the case of 


H(1s) + H+ — H(2s or 2p) + Ht. (28) 
The corresponding results for other processes of the family such as 
Li?+(1s) + He?+ — Li?+(2s or 2p) + He?+ (29) 


may be obtained from Fig. | by scaling, since to the first Born approxi- 
mation 


_B é 
OP, 4| Zu Zo» Mo, 6) = FeO (Pa| 11 1 ae ze) (30) 


(Bates and Griffing, 1953). It may be shown that the existence of a 
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Coulomb repulsion between the systems for processes like (29) does not 
appreciably influence the inelastic collision cross sections unless the 
impact energy is very low (cf. Bates and Boyd, 1962a). 
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log [ energy of incident proton in kev] 
Fic. 1. First Born approximation to cross section—impact energy curves for 


H(1s) + H+ > H(2s) + Ht and H(1s) + H*+ — H(2p) + H+ (Bates and Griffing, 1953). 


Other excitation processes which have been treated by the first Born 
approximation are 


He (1s?) + H+ > He (Is 2p 1P) + Ht, (31) 
(Moiseiwitsch and Stewart, 1954; Bell, 1961) 


He (1s?) + H+ — He (ls 3p 1P) + Ht, (32) 
(Bell, 1961) and 
Na (3s) + H+ —> Na (3p) + H+ (33) 


(Bell and Skinner, 1962). Results for (31) are presented later (Fig. 9): 
Figure 2 gives the calculated cross sections for 


H (Is) + Ht H+ +e + Ht (34) 
(Bates and Griffing, 1953). Fite and associates (1960) have obtained 


14. COLLISIONS BETWEEN ATOMIC SYSTEMS 555 


rather smaller values in the laboratory (cf. Chapter 12, Fig. 26), but 
the measurements only cover the region below 40 kev. 
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Fic. 2. First Born approximation to cross section—impact energy curves for 
H(Is) + H+ + H+ + e+ H (Bates and Griffing, 1953) and He(1s)? + H+ — Het(Is) + 
e+ H+ (Mapleton, 1958). 


Erskine (1954) and Mapleton (1958) have investigated 
He (1s?) + X"+ — Het (Is) +e + X"+ (35) 
the former taking the projectile X"+ to be an alpha particle and the 
latter taking it to be a proton. On the first Born approximation the 
two cases are, of course, simply related, the cross section presented to 
an alpha particle being 4 times the cross section presented to a proton 
of the same velocity. Both described the ground state of the helium 


atom by the customary rather crude one-parameter variational wave 
function $(7;) $(rs) with 





(7) = (Ay) exp (— ariay), = 1.6875. (36) 


3 
7a, 
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The main contribution to the ionization cross section comes from 
optically allowed transitions to p states of the continuum. It is therefore 
important that these states should be especially well represented. 
Erskine used Hartree wave functions. In order to take advantage of 
formula (21b) he was content to adopt Coulomb wave functions appro- 
priate to a nucleus of charge At for the other states of the continuum, 
Mapleton adopted Coulomb wave functions for all states of the con- 
tinuum, but he took the associated charge to be A only for the s states 
and took it to be unity for the other states. The two sets of results are 
in very close agreement. Figure 2 shows those of Mapleton (which 
extend to lower energies than those of Erskine). There is fair accord 
with the experimental work of Fedorenko et al. (1960) at energies above 
about 50 kev. The significance of this is uncertain in view of the rather 
poor accuracy of the wave functions used. 

The ionization of lithium by protons (McDowell and Peach, 1961) 
appears to be the only other case to have been treated in detail. 

In some applications it is necessary to know the distribution in energy 
of the electrons which are ejected. This distribution is naturally obtained 
during the course of the calculation of the ionization cross section. A 
convenient means of displaying its main features is by a function 
J (@ | €) giving the fraction of the electrons ejected by protons of energy 
& kev which have energy in excess of «J; where J} is as usual the ioniza- 
tion potential of hydrogen. Figure 3 shows f (@ | «) for process (34) 
and for 


Ne(2p)® + H+ > Ne+(2p)' + e + Ht (37) 


(Bates et al., 1957). It is apparent that f (& | e) is a more rapidly decreasing 
function of ¢ (at fixed &) for the former than for the latter. This 
difference is as would be expected from the difference between the 
photoionization absorption continua of hydrogen and neon (which are 
determined by transition matrix elements related to those arising in 
impact ionization). 


Inner-shell ionization. Ionization of the inner shells of atoms by protons 
or alpha particles is of considerable interest in that it leads to the 
emission of X-radiation. The perturbation arising from an encounter is 
weak since the charge on the projectile is small relative to the effective 
charge of the nucleus of the target. Consequently, the first Born approxi- 
mation remains valid down to almost the threshold energy. A number 


t This value of the charge was chosen to get orthogonality to the wave function of 
the ground state. 
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of comparisons showing the good agreement that exists between theory 
and experiment are given by Merzbacher and Lewis (1958) in their 
valuable survey of the field. Because of the lack of the necessary data, 
no comparison was made in the region near and beyond the maxima 
of the cross section versus energy curves. A systematic discrepancy 
may arise in this region due to simplifications introduced in the calcula- 
tions. 


Hydrogen Neon 


f(Zle) 
oO°0 
aha 


20 25 3.0 20 25 30 35 


log [energy of incident proton in kev | 


Fic. 3. Fraction of ejected electrons which have more kinetic energy than e rydbergs 
where « is as indicated on each curve. The set on the left refer to H(1s) + H+ ~ H+ + 
e+ H+ (Bates and Griffing, 1953) and the set on the right to Ne(2p)§ + H+ — Ne+(2p)5 + 
e+ H+ (Bates et al., 1957). 


The initial and final states were described by hydrogenic wave func- 
tions, the effective nuclear charge Z,e for the shell concerned being 
obtained from Slater’s rules. If m is the principal quantum number of 
this shell, the associated ionization energy is (Z,,/n)? rydbergs, whereas 
the actual ionization energy is 


I, = 9,(Z,/n)* rydbergs (38) 


in which 6, is a number less than unity. Some adjustment is needed 
to make the threshold of the calculated ionization curve occur at the 
Correct energy. Bethe’s procedure (cf. Henneberg, 1933) B, is to regard 
any inelastic collision in which the kinetic energy lost exceeds J, as 
an ionization collision though the wave function for the final state is 
bound in character unless the kinetic energy lost exceeds (Z,,/n)?. An 
alternative procedure due to Stobbe (1930) and to Massey and Mohr 
(1933), SMM, is to employ the actual ionization energy throughout 
the work despite its being inconsistent with the wave function adopted 
for the initial state. The calculations reported by Merzbacher and 

€wis are based on the B procedure but most other calculations (in- 
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cluding all those mentioned in this chapter) are based on the SMM 
procedure. 

If the wave functions used are as indicated, the cross section gi 
describing the ionization of shell m by a nucleus of mass M,, charge 
Z,e, and energy E, rydbergs may be expressed in the form 


i_ 2 
0; = wy F (tns 6n) (39) 
in which 


and ,,(7», 9,) depends only on the variables indicated. Taking the K shell 
as an example, Arthurs (1959) has computed , as a function of 7, 
for selected values of 0, using both the B and SMM procedures. In 
general, there is only close agreement in the region where the cross 
section is a rapidly increasing function of the energy (Fig. 4). Arthurs 


has adduced some evidence suggesting that the B procedure is inferior 
to the SMM procedure. 


8, in units of 10° cm? 
yp wh a Oo N @O © 
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Fic. 4. Plots of Y; against 7, for the values of 6, indicated on the curves: B, Bethe 
procedure; SMM, Stobbe-Massey-Mohr procedure (Arthurs, 1959). 


Simultaneous excitation and ionization. A collision between a nucleus 
and a heavy atom may give an excited ion through inner shell ionization 
or through inner shell excitation followed by autoionization. There is 
also the possibility of a double transition. This possibility exists eve? 


for light atoms. It does not differ fundamentally from ordinary excitation 
or ionization. 
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Using the first Born approximation, Dalgarno and McDowell (1955) 
have investigated the simultaneous excitation and ionization of helium 
by fast protons 


He(1s?) + H+ — Het(nl) + e + H+. (41) 


They confined their attention to cases in which the azimuthal quantum 
number of the electron remaining bound is 1 or greater, such cases 
being relatively simple because the final wave function is automatically 
orthogonal to the initial wave function and because only spherically 
symmetrical states of the ejected electron need be taken into account, 

The cross section for (41) depends on a transition integral like (17) 
and the overlap integral 


S= fbr) blr) Br (42) 


in which ¢,, represents the orbital of one of the electrons of the normal 
helium atom and f,, represents the orbital of the ejected electron. 
Dalgarno and McDowell took ¢,, to be as in (36) and f,, to be the 
solution of the appropriate Hartree equation. The value of S is sensitive 
to the forms of these functions. In consequence the reliability of the 
derived cross sections (Table I) is poor. According to Dalgarno and 
McDowell an absolute error of a factor of 5 may well occur. 


TABLE I 


Cross SECTIONS Q(7a?) FOR THE SIMULTANEOUS EXCITATION AND IONIZATION OF 
HELIumM By PROTON IMPACT* WITH, FOR COMPARISON, Cross SECTIONS FOR 
Orpinary ExciTATION® AND IONIZATION® 





Final state of Proton impact 
Het ion or He atom energy (kev) 250 500 750 1000 1500 





Double transitions 


2p 10° x Q 5.4 5.3 4.8 4.3 3.8 
3p 10° xQ 1.2 1.1 1.0 0.8, 0.7; 
4p 10° x Q 4.5 4.1 3.5 3.1 2.4 
3d 10° xQ 2.2 2.0 1.6 1.4 1.0 
4d 10° x Q 1.0 0.9; 0.7; 0.65 0.4, 
Single transitions 
(excitation) 1s 2p 1P 10? x Q 9.2 6.0 4.5 3.8 2.8 
(ionization) 1s 10 xQ 6.2 3.9 2.9 2.3 1.6, 


* Dalgarno and McDowell (1955). 
> Moiseiwitsch and Stewart (1954). 
° Erskine (1954). 
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1.1.2 Excitation and Ionization of Atoms by Other Atoms 


Consider an encounter between a target hydrogen atom and a projectile 
hydrogen atom distinguished by the letters A and B, respectively. In 
addition to the single-transition processes, 


H(1s | A) + H(1s | B) > H(nl| A) + H(Is | B) (43) 
H(Is | A) + H(1s | B) > H(1s | A) + H(n'l’ | B), (44) 


it is necessary to take account of the double-transition processes 
H(1s | A) -+ H(1s | B) > H(nl | A) + H(n'l’ | B). (45) 


The problem has been treated by Bates and Griffing (1953, 1954, 1955). 

If O(ls — nl; 1s —n'l’) is the cross section associated with the 
reaction path indicated the total cross section for raising A to the nl 
state is 


Q(Is — nl; 1s —Z) = }) O(Is — nl; 1s — n'l/), (46) 


2,y Signifying a summation over the discrete states and an integration 
over the continuum; that for raising B to the nl state is of course the 
same; that for raising either or both atoms to this state is 


A((1s)? — (nl, X)) = 2Q(1s — nl; 1s — 2) — Q(1s — nl; 1s — nl); (47) 





that for collisions in which a specified atom is excited or ionized is 


Olls — 3’; 1s — Z) = DY Qs — nl; 1s — 2); (48) 


nlAl1s 


and that for all inelastic collisions is 


9((1s? — (2, E")) =) Qs — 1s; 1s — al) +} O(s — nl; 1s — 3). (49) 


nlAls nl4l1s 


There is no difficulty in calculating the cross sections associated with 
the different reaction paths. Using (1) and noting that the initial and 
final wave functions are 


Pg = Xis(Ta) Xis(To) exp (t15,18 *R) (50) 
and 


Py = Xnilta) Xn'v(Po) €XP (tXntn'r * R) (51) 
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and that the interaction potential is 
V=e2 } : : : 1, 


TKR kl Thos) TR-w “ 


it may be shown that 


Q(is — nl; Is — 1s) = + [1 #ds.mp ees I - at fivat (53) 
tmin 


(4 : 7 
and 


Q(1s — nl; 1s —n'l') = = in |A(1s, nl) (1s, n'l’) |? t-3 dt maz (54) 
n'l #1s s tmin 


in which the notation is as in § 1.1.1. Two forms arise because in the 
case of (45) all but the last term of (52) contribute to the cross section, 
whereas in the case of (43) or (44) only the first term contributes (owing 
to orthogonality effects). 

Closed expressions for asymptotes to the various total cross section 
versus impact energy curves may also be obtained (Bates and Griffing, 
1954). It is apparent from (19) that at sufficiently high impact energies 
tmin may be taken to be zero so that 


Q(1s — nl; ls — X) ~ Q(1s — al; 1s — 1s) 


+f. | ¥(1s — nl) |? >) | 4s — nl’) Pe * dt] na, (55) 


n’l’ #18 
Noting that 
> |4(1s — 21’) 2 = 1 (56) 
nl’ 
(Bethe, 1930) and that 
| A(1s — 1s) |? = 256/(4 + 2)4, (57) 


it may be shown that 


16 


Q(1s — nl; 1s —E)~ sf 1A(ls— al) PM — gee 


t-3 dt ras. (58) 
This may readily be evaluated in particular cases. For example, sub- 
Stituting from (21) and (22) followed by integration yields 
Q(1s — 2s; ls — 2) ~ 4.381 rra2, (59) 
OQ(1s — 2p; 1s — 2) ~ 216-1 a?, (60) 
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and 
Q(Is — C; 1s — 2) ~ 1286+ na?, (61) 


C representing the entire continuum and & being the impact energy 
in kev. Collisions which do not change the state of the projectile contri- 
bute only 


Q(1s — 2s; 1s — 1s) ~ 0.7281 na?, (62) 

Q(1s — 2p; 1s — 1s) ~ 1.86-1 na?, (63) 
and 

Q(1s — C; 1s — 1s) ~ 368-! ra? (64) 
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Fic. 5. First Born approximation to cross section—impact energy curves for 
H(1s) + H(1s) ~ H(2s) + H(nl) where nl represents 2s, 2p, 3s, 3p, 3d, or C (the continuum) 
(Bates and Griffing, 1954). 
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From (48) it may similarly be shown that 


QO(ls — ’; 1s — 2) ~ 1686-1 na? (65) 
and from (49) that 
A((1s)? — (2, 2")) ~ 210-1 ra? (66) 


A major contribution to both these comes from collisions giving rise 
to double ionization. 

The double-transition cross sections O(ls — 2s; 1s — 2s, 2p, 3s, 39, 
3d, or C)andQ(1s — 2p; 1s — 2s, 2p, 3s, 3p, 3d, or C) are given in Figs. 5 
and 6. Combined with the single-transition cross sections O(1s — 2s; 
ls — 1s) and O(1s — 2p; 1s — 1s) given in Fig. 7, they enable the total 
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Fic. 6. First Born approximation to cross section—impact energy curves for 
(1s) + H(1s) + H(2p) + H(nl) where nl represents 2s, 2p, 3s, 3p, 3d, or C (the con- 
tinuum) (Bates and Griffing, 1954). 
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cross sections O(ls — 2s; ls — 2) and O(1s — 2p; 1s — 2) to be com- 
puted since Q(ls — 2s; ls — nl) and Q(1s — 2p; ls — nl) may be 
neglected without significant error when x is 4 and greater. These total 
cross sections are also given in Fig. 7. It is apparent that whereas 
single-transitions predominate at low impact energies, double transi- 
tions predominate at high impact energies. 
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Fic. 7. First Born approximation to cross section—impact energy curves for H(1s)— 
H(1s) collisions in which the stationary hydrogen atom is excited to the 2s state (uppet 
set) or to the 2p state (lower set) and the incident hydrogen atom is unaffected [curves 
marked (1s — 2s; 1s — 1s) or (1s — 2p; 1s — 1s)] or is left in any state [curves marked 
(Is — 2s; Is — 2) or (1s — 2p; 1s — 2)]. The broken lines represent the asymptotic 
behavior of Q(I1s — 2s; 1s — Z) and Q(1s — 2p; 1s — 2) as given by (59) and (60) of 
text (Bates and Griffing, 1954). 
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Moiseiwitsch and Stewart (1954) have carried out calculations on 
He(1s)? + H(1s) > He(Is 2p #P) + H(2) (67) 
transitions to discrete states for which m exceeds 3 being again neglected 
in the summation. Their results (Fig. 8) are similar to those just 


described. Moiseiwitsch and Stewart have also treated 


He(Is)? + He+(1s) > He(1s 2p 1P) + Het(2). (68) 
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Fic. 8. First Born approximation to cross section—impact energy curves for 
He(1s)? — H(1s) collisions in which the stationary helium atom is raised to the 1s 2p 1P 
level and the incident hydrogen atom is unaffected [curve marked (1s? — 1s2p 1P; Is — 1s)] 
or is left in any state [curve marked (1s? — 1s2p1P; 1s — 2)]. The broken line represents 
the asymptotic behavior of Q(1s? — 1s2p1P; 1s — 2) (Moisewitsch and Stewart, 1954). 


Double transitions are here quite unimportant (Fig. 9). This is as 
would be expected for a collision in which the particle responsible for 
the excitation is a positive ion. The comparison with 


He(1s)? + H+ — He(1s 2p 1P) + H+ (69) 


for which results are included in Fig. 9, is instructive. It indicates that 
the screening of the helium nucleus by the orbital electron is slight at 
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low impact energies but is so effective at moderate and high impact 
energies that the Het ion acts almost like a singly charged structureless 


particle. 
II 16 2. 26 3 36 41 46 
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Fic. 9. Comparison of the cross section—energy curves for He(1s)? — H+ and 
He(1s)? — Het*(1s) collisions in which the helium atom is raised to the 1s2p1P level. 


The full lines are for single transition collisions, the broken line represents the asymptotic 
behavior of Q(1s? — 1s2p14P; 1s — &) (Moiseiwitsch and Stewart, 1954). 


The only other excitation processes which have been investigated are 


H(1s) + He(2s 3S) — H(2) + He(2p or 3p 3P) (70) 
and 
Ne(1S) + He(2s 3S) > Ne(2’) + He(2p or 3p 3P) (71) 


(Adler and Moiseiwitsch, 1957). When a many-electron atom is involved, 
as in (71), the task of summing and integrating over all the final states 
is formidable. It may be avoided without serious error being introduced 
by making use of a simple modification of the asymptotic formula (55) 
discussed earlier. In this modification tmin is given the value corres- 
ponding to the lowest double-transition which has to be taken into 
account. An alternative procedure is to carry out calculations on oné 
of the double transitions. The contribution from the others may the? 
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be estimated because the cross section versus impact energy curves 
concerned may be taken to have a common shape (which is determined 
by the calculations just mentioned) and because in addition a formula 
corresponding to (58) may be derived for the asymptote to the total. 
Adler and Moiseiwitsch (1957) found that the two procedures give much 
the same results. 

Unfortunately, the labor involved in the treatment of ionization is in 
general very heavy since the evaluation of the contribution of double- 
ionization collisions to the total cross section entails triple numerical 
integrations. Detailed calculations on complex systems are scarcely 
feasible. Some empirical methods for making predictions have been 
proposed (Russek and Thomas, 1958, 1959; Firsov, 1959; Bulman and 
Russek, 1961). The development of such methods is important but 
shall not be discussed here. 

Figure 10 gives the results of the calculations of Bates and Griffing 
(1955) on the cross section Q(1s — C; 1s — 1s) for 


H(1s) + H(1s) > H+ + e + H(1s) (72) 
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Fic. 10. First Born approximation to cross section—energy curves for H(1s) — H(1s) 
Collisions in which the stationary hydrogen atom is ionized and the incident hydrogen 
atom is unaffected [curve marked (1s — C; 1s — 1s)] or is left in any state [curve marked 
(ls — C; 1s — 2)]. The broken line represents the asymptotic behavior of Q(ls — C; 
Is — £) (Bates and Griffing, 1955). 
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and the cross section Q(1s — C; 1s — 2) for 
H(1s) + H(1s) + H+ + e + H(2) (73) 


(transitions to discrete states with m greater than 3 being ignored). It 
is seen that as the impact energy is increased the contribution from 
double-transitions grows relative to that from single-transitions and 
ultimately becomes the greater. Boyd et al. (1957) have shown that 
this also happens in the case of 


He+(1s) -+ H(1s) > He?+ + e + H(2) (74) 


(Fig. 11). They have further shown that double-transitions are, however, 
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Fic. 11. First Born approximation to cross section-energy curves for H(ls) — He*(Is) 
collisions in which the stationary hydrogen atom is unaffected [curve marked (ls — C; 
1s — 1s)] or is left in any state [curve marked (1s — C; 1s — 2)] and in which the incident 
helium ion is stripped (Boyd et al., 1957). 


of little importance if the positive ion, instead of undergoing a specific 
change as in (74), brings about a specific change as in 


H(1s) + He+(1s) > H+ + e + He+(2). (75) 


The situation is thus the same as for excitation. 

At impact energies sufficiently high for charge transfer to be neglected, 
the cross section for the ionization of the projectile is equivalent to 
the cross section for electron loss from the projectile. 
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Figure 12 compares the calculated cross section for 


H(1s) + He(1s)? ~ H+ + e + He(2) (76) 
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Fic. 12. Electron loss from hydrogen atoms passing through helium gas. The full 
line gives the first Born approximation to the cross section—energy curve (Bates and 
Williams, 1957); and the points give the measurements (Stier and Barnett, 1956). 


(Bates and Williams, 1957) with the measured cross section for electron 
loss from hydrogen atoms passing through helium gas (Stier and 
Barnett, 1956). The agreement is quite good at impact energies above 
about 100 kev. Caution must be exercised in drawing conclusions since 
the one-parameter variational wave function defined in (36) was used 
to describe the ground state of helium. Simplifying assumptions made 
in theoretical work of Sida (1955) on 


H-(1s)? + He(1s)? — H(1s) + e + He(1s)? (77) 
and of McDowell and Peach (1959) on 
H-(1s)? + H(1s) > H(1s) + e + H(2) (78) 


prevent information on range of validity of the first Born approximation 
from being derived from a comparison of their results with the laboratory 
data of Hasted (1952) and of Hummer et al. (1960). 

The computed energy distribution of the electrons ejected in fast 
H(1s) — H(1s) single- and double-transition collisions is shown in 
Fig. 13. Because of the relatively high importance of close encounters 
they are broader than the corresponding distribution for fast H(1s) — H+ 
Collisions (which is shown for comparison). 
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The energy concerned in Fig. 13 is the energy associated with the 
motion of the electron relative to its parent nucleus. In the case of an 
electron originating from the projectile what is actually of most interest 
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Fic. 13. Energy distribution of electrons ejected from stationary hydrogen atom. 
Curves sH and dH, respectively, refer to single- and double-transition collisions with 
other hydrogen atoms; curve H* to collisions with protons. In all cases the impact energy 
is 1000 kev. The units of « are such that «? is the kinetic energy of the ejected electron 
in rydbergs (Bates and Griffing, 1955). 


is the energy associated with the motion relative to the target. There 
may be a considerable difference: for example, an electron ejected with 
zero energy relative to a 1-Mev projectile hydrogen atom has an energy 
of over 500 ev relative to the target. In order to convert the energy 
distribution from one frame of reference to the other, it is necessary 
to know the angular distribution. Calculations on this have been carried 
out by Dalgarno and Griffing (1958). There is a sharp peak in the 
direction that would be expected from classical considerations (Fig. 14). 


1.1.3 Charge Transfer 
In applying the first Born approximation to the charge transfer process 


(nucleus A + electron e), + nucleus B—> nucleus A + (nucleus B + electron é)q 


full account must be taken of the change in the translational motion of 
the electron that accompanies a jump from state p around one nucleus 
to state g around the other. 
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Denote the position vector of the center of mass of (A + e) relative 


to B by p that of the center of mass of (B + e) relative to A by o and 
the masses of A, B, and e by M,, M,, and m, respectively, but otherwise 
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Fic. 14. Angular distribution of electrons ejected in the ionization of stationary 
hydrogen atoms by incident 1000-kev hydrogen atoms. The number on each curve is 
the kinetic energy « of the ejected electron in rydbergs; 0 is the angle the direction of 
ejection makes with the direction of impact; Q(e, 8) is the differential cross section nor- 
malized so that [pe Jt} Ole, 8) d(cos @) de is the ionization cross section (Dalgarno 
and Griffing, 1958). 


use the notation of § 1.1, with each velocity taken to be that of the atomic 
system relative to the bare nucleus (so that if no deflection were suffered 
v, and v, would be antiparallel). The initial and final wave functions 
are then given by 


Py = Xp(Ta) EXP (tx, + @), Yo = Xe(Pp) exp (7%, + 6) (79) 
where 
_ (M, +m) Mv, we — Me tm) Miva 
7 (M+ M,+ mh? 8 (M, + My + m)h° 








(80) 


x 





Substitution in (2) gives the relevant matrix element to be 


M = SJ xF(ta) xa(Po) exp [— i(xp+ @ — x, + 6)] V der, dry. (8!) 
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As pointed out by Brinkman and Kramers (1930), it is convenient to 
introduce the vectors 


wy + ap Mm = 6% a to (82) 
so that (81) may be written 
N = Sfxtlea) xelts) exp [—i{a- ee + B+ rej] Vira dry (83) 
The simplest charge transfer process is 
H(1s | A) + H+(| B) > H+(| A) + H(Is | B). (84) 


For the systems on the right of (84) the interaction potential is 


1 1) 

2 a 

e al at [post] (85) 
and for the systems on the left it is 

« 1 1 . 

e T= ae [prior]. (86) 


The final result is independent of whether it is the post or the prior 
expression that is adopted.t In their early work Oppenheimer (1928) 
and Brinkman and Kramers (1930) took the interaction potential to be 


— elr, [post] (87) 


(or — e2/r, [prior]) omitting the nuclear-nuclear term because it is 
physically unrealistic that such a term should influence the probability 
of charge transfer. Saha and Basu (1945) and Takayanagi (1952) have 
followed the same procedure but Bates and Dalgarno (1952) and 
Jackson and Schiff (1953) have included the nuclear-nuclear term in 
the belief that its presence corrects partially for defects in the elementary 
treatment of the problem. These defects originate from the non- 
orthogonality of the initial and final atomic eigenfunctions. Explicit 
account of the nonorthogonality has been taken by Bates (1958b) who 


t This independence is not peculiar to process (84), it is general, provided the atomic 
eigenfunctions used are exact (Schiff, 1949) or satisfy certain conditions (Bates et al., 1950). 
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has shown that instead of using (85) or (87) for V in (83), it is necessary 
to use the effective interaction potential 


Xis\To s r b 
e : l i) (r ) x1 ( ) dr 5 [post] (88) 
in which 


2 
dr, |. 








im 
S? =| f xiilee) xu(to) exp |F vis ta (89) 


An expression differing from (88) only in that the factor 1/(1 — S?) is 
missing has been obtained independently by Bassel and Gerjuoy (1960). 

With the aid of the principle of the conservation of energy it may be 
proved that to the lowest order in m/M 








2 
a =P =a, &-8=>z—-—1 (90) 
where 
202 2 
w= at (1 + cos 6) + = ; Ss = mvay/h, (91) 


v being the velocity of relative motion (from which the subscript is 
omitted as unnecessary since the collision is elastic). It follows that the 
matrix element (83) may be expressed as a function of w and that the 
minimum value of this dimensionless parameter is s?/4 and the maximum 
value is effectively infinite. Referring to (1) it may hence be seen that 
the charge transfer cross section for (84) is given by 


O*(Is| As 1s|B) =e [_ |N%(w)[Pdeo (wal) (92) 
2/4 


Ans? J 
with 


NX(w) = = [J] VX exp flee. + Bem) — te — nied, — (93) 


in which the superscript X is (ne), (ne + nn), or (ortho), according to 
whether potential (87), (85), or (88) is used, and in which all quantities 
are in atomic units. 

When only the simple nuclear-electronic term is included, potential 
oD the necessary integrations may readily be performed. It is found 
that 


Ome(1s| A; 1s| B) = naz (94) 


| oa 45 


t The analogous prior potential is equivalent. 
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if the atom is taken to be at rest, equals 24.9, s?, this formula may be 
written approximately as 


1.28 x 108 


QOm)(1s| A; 1s |B) = “SE + 100) Try. 


(95) 


In the low-energy region (where the treatment is, of course, invalid) 
the cross section is large tending to infinity as & tends to zero. This 
behavior is not characteristic of charge transfer collisions but is asso- 
ciated with the fact that (84) is elastic. Because of the change in the 
translational motion of the electron, the cross section ultimately falls 
off extremely rapidly as & is increased. Should allowance not be made 
for the change, the lower limit in the integration over w in (92) would 
be not s?/4 but zero, and the charge transfer cross section would be 
given not by (95) but by 
1.28 x 10°, 


QM(Is | A; 1s | B) = 2 —— map. (96) 





Comparing (95) and (96) it is seen that the effect of the change when 
& is 25, 50, 100, and 200 kev is to reduce the cross section by factors of 
about 3, 8, 32, and 243, respectively. 

The nuclear-nuclear term of potential (85) causes considerable 
trouble. Bates and Dalgarno (1952) have carried out the spatial inte- 
grations over this term using a series expansion; Jackson and Schiff 
(1953) have carried them out with the aid of Fourier transforms and 
have obtained a closed expression. The algebraic results are complicated 
and will not be presented. Once again great simplification ensues if 
account is not taken of the change in the translational motion of the 
electron. In this unrealistic circumstance the formula for the charge 
transfer cross section reduces to 


2 
Qrmetnm(1s| As 1s |B) = es 10° a2 


a5 (97) 


(Bates and Dalgarno, 1952). The factors corresponding to those listed 
at the end of the preceding paragraph are about 3, 6, 20, and 120. 

As would be expected, the corrected potential (88) is extremely difficult 
to handle. McCarroll (1961) has, however, evaluated Qvvho) (1s | A; 
Is | B) with the help of a digital computer.t 


+ He actually used not the formula derived from the wave treatment but instead the 
equivalent formula derived from the impact parameter treatment (§ 1.2.2). 
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Figure 15 depicts the cross sections associated with the three poten- 
tials. At very high energies Q(® (1s | A; 1s | B) is the closer to Qe") 
(1s | A; 1s | B) (to which indeed it tends asymptotically); but elsewhere 
ome+nm (1s | A; 1s | B) is the closer. 
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Fic. 15. Cross section—impact energy curves for H(1s) + H+ +H+-+ H(Is). 
Curve a is Q!"*), curve b is Q(°7#*°), and curve c is Q("¢+™") (McCarroll, 1961). 


Collisions involving a single electron have naturally received most 
attention from theorists. Using a potential which, like (87), contains 
only the simple nuclear-electronic term, expressions have been derived 
for the cross sections describing capture from the Is state around a 
nucleus of charge Z,e into the ml state around a nucleus of charge Z,e 
with nl either 1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, or 4f (Brinkman and 
Kramers, 1930; Saha and Basu, 1945; Bates and Dalgarno, 1953). 
Table II gives numerical results for when both nuclei are protons. 
Leaving the special 1s — 1s case aside, the cross sections are initially 
rapidly increasing functions of the impact energy, pass through maxima 
at impact energies between 10 and 20 kev and finally become rapidly 
decreasing functions of the impact energy. For fixed / they fall off as n 
is increased and for fixed m they fall off as ] is increased except in the 
region between about 0.5 and 100 kev where the s — p cross sections 
are the greatest. Oppenheimer (1928) has shown that the cross section 
is proportional to 1/n? at very high energies where capture is mainly 
into s states. 
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Though the nuclear-nuclear term makes the work very lengthy, 
Jackson and Schiff (1953) have used potential (85) in calculations on 


H(1s | A) + H+(| B) > H¥(| A) + H(2s or 2p | B). (98) 
They found that to a close approximation 


ginetnni(1s | As 2s | B)/Qe+nn)(1s | A; 1s | B) 

= QO(1s| A; 2s | BYOM"(1s| A; 1s|B) (99) 
and 
ginetnn)(1s | A; 2p | BY/Qe+"™ (1s | A; 1s | B) 

= QMO(Ls | As 2p | BOs | A; Is | B). (100) 


Taking this as justification for assuming that Oppenheimer’s 1/n® law 
is valid for potential (85) and using the law even at moderate energies, 
they computed the total charge transfer cross section 


QOlre+nn(15| A; 5 |B) = > Qirernn)(1s | As nl | B) (101) 


discrete nl 
from the approximate formula 
Qerernm(Ls | A Z| B) 


= Qiretnnd(1s | A; Ls | B) + c{Oime+mnr(1s | A; 2s | B) + Qre+nn(Ls | A; 2p | B)} 


102 
with ne) 


ev 1 
eke 
<2 L6t6. (103) 


Comparison has been made with laboratory data obtained from 
investigations on the passage of protons through hydrogen gas, taking 
one hydrogen molecule to be approximately equivalent to two hydrogen 
atoms. Tuan and Gerjuoy (1960) have, however, shown that such 
comparison is, for fundamental reasons, improper. 

Using the relevant potential of the same type as (85), Schiff (1954) 
has calculated the cross sections for 


H(1s) + He?+ > H+ + Het(1s, 2s, or 2p). (104) 


Because of the exact energy balance the 1s — 2s or 2p transitions are 
found by Schiff to be more probable than the 1s — 1s transitions except 
at extremely high velocities of relative motion. Though his results lend 
little support for the supposition that the empirical relations (99) and 
(100) are general, Schiff used a formula similar to (102) to compute 
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the total charge transfer cross section. He found that an alpha particle 
of energy between about 100 and 600 kev is some 6 times as effective 
at capturing an electron from atomic hydrogen as is a proton of the 
same velocity. 

Using both a potential like (87) and a potential like (85) and describing 
the helium atom by the one-parameter variational wave function (36) 
Bransden et al. (1954) have evaluated the cross section for 


He(1s?) + H+ — Het(1s) + H(Is). (105) 


From a comparison with the laboratory data available, they concluded 
that the use of the nuclear-electronic term alone is unsatisfactory, 
OQ‘) being much too large at least for H+ energies up to 150 kev. The 
calculated O'”¢+””) is in fair accord with the measurements, but undue 
significance cannot be attached to this since some rather uncertain 
mathematical simplications were made to reduce the great complications 
arising from the nuclear-nuclear term. Mapleton (1961) attacked the 
problem with great vigor some years later. He adopted the same helium 
wave function as did Bransden e¢ al. but avoided further approximation 
in the evaluation of Q'¢+™™ (1s; 1s) having at his disposal powerful 
high-speed computing facilities. Mapleton did not confine his attention 
to the main reaction path—he also calculated Q("¢+™ (nJ; n'l’) with 
(nl; n'l') taken as (1s; 2s), (1s; 2p), (1s; 3s), (1s; 3p), (1s; 3d), (2s; 1s), 
(2p; 1s), (2s; 2s), (2s; 2p), or (2p; 2s); and he investigated the magnitude 
of the post-prior discrepancy (which in spite of the rather crude helium 
wave function employed he found to be not more than 20 % in the 
single-transition cases). His results (average of the post and the prior) 
are displayed in Table III. It is seen that simultaneous capture and 
excitation has quite a considerable cross section. The estimated total 
charge transfer cross section is in good agreement with the measured 
values of Stier and Barnett (1956) and Barnett and Reynolds (1958). 
Further calculations with a more refined helium wave function would 
be of interest. They should yield larger cross sections at high velocities 
of relative motion since wave function (36) underestimates the extreme 
tail of momentum distribution of the He(1s)? electrons. 


1.2. ImpacT PARAMETER TREATMENT 


An account of the derivation of the impact parameter version of the 
first Born approximation will be given since it is rather less well known 
than the derivation of the wave version. 
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1.2.1 Excitation and Ionization 


Let the nucleus A of the target be located at the fixed origin of the 
coordinate system and let the nucleus B of the projectile have position 
vector R and move with constant velocity v in the positive sense along 
a line parallel to and distant p from the Z-axis. The electronic wave 
function may be represented by the expansion 


X (tq t) = Dy Apnlt) Xn(ta) xP [— te pt/H] (106) 


where the subscript p indicates the state occupied initially and where 
Xn(7q) and ¢, are the eigenfunctions and eigenenergies in the absence 
of the interaction potential V(r,) due to the projectile so that 


2 
ra ~ V2 + VAT) xn(Pa) = €nXn(ta)s (107) 
m 
V4(r,) being the potential field of the nucleus and core of the target. 
Reminders of the dependence of the expansion coefficients a,,(t) on 
the impact parameter p and azimuthal angle © are not included. The 
Schrédinger equation for X is 


~F 4 vas val x = ih. (108) 


Substituting from (106) and using (107) it is seen that if the origin of 
time is chosen so that 


—" (109) 

then 

it sa Xn(a) EXP [=] = >) Apr(Z) Xn(¥a) XP ed : 
(110) 


the expansion coefficients now being taken to be functions of Z instead 
of t for convenience. Multiplication by 








tegZ 
xF(t0) exp [5 
followed by integration over r, space yields 


th 





Atal) = 5m Ayn(Z)V% an(R) exp [ = (€, — €q) z] (111) 
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where 
Y onlR) = | xt(te) VPxn(te) Pro. (112) 
The boundary conditions are 
Byn(— ©) = Sons (113) 


8yn being the Kronecker delta function indicated. Substitution of the 
zero order approximation to the solution , 


ay,(Z) — Spon (114) 


in the right of (111) and integration with respect to Z gives for the first 
order approximation 


, eZ 
Qn(Z)=1— Ze [ WH y—(R) AZ (115) 


i 





—¢ pZ — 
QZ) =f %aolR) exp [Gt (ep — 4) Z] dz (116) 


The probability that state g is occupied after the encounter is given by 
Pryq = | Ayal) |? (117) 


and hence the cross section associated with p — q transitions is given by 
CO pln 
06,9) =| | pPredp do (118) 
0°0 
which may usually be written 
Q(P,9) = 2" | pPoa dp (119) 


(Gaunt, 1927). From the physical assumptions made it is apparent that 
the combination of (116), (117), and (119) is equivalent to the first 
Born approximation of the wave treatment. This equivalence has been 
verified mathematically by Arthurs (1961). 

The impact parameter version of the first Born approximation does 
Not readily lead to closed expressions for the various cross sections as 
does the wave version; but it is nevertheless of considerable value, the 
Picture it gives of collisions being very instructive. 
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When vw the velocity of relative motion is sufficiently high, the expo- 
nential in the basic formula 


ie W pA(R) exp [te 4] 


pa — 


aZ (120) 





may be replaced by unity. It followst that #,, ultimately falls off as 
uv if Y,, is independent of v, which it is for simple excitation or 
1onization. 

Many oscillations of the exponential occur within the effective range a 


of ¥,, when v is so low that 
(sa < Qn. (121) 


In this region #,, is hence predicted to be a rapidly increasing function 
of v and to be extremely small. The recognition that many collisions are 
nearly adiabatic when condition (121) is satisfied is due to Massey 
(1949). For reasons which will be apparent later exceptions to the rule 
are not uncommon. Considerations initiated by (121) have led to useful 
semiempirical formulae (Chapter 18, § 5). 

Detailed calculations have been performed for the processes 


H(1s) + H+ — H(2s or 2p) + Ht (122) 
and 
H(1s) + H(1s) + H(2s or 2p) + H(1s) (123) 


(Bates, 1958a). The asymptotic values of the expansion coefficients 
concerned may readily be expressed in terms of the modified Bessel 
functions of the third kind. Representative results are depicted in 
Fig. 16. As would be expected, distant collisions are relatively more 
important for high velocities of relative motion than for low velocities 
of relative motion, for the optically allowed s-p transitions than for the 
optically forbidden s-s transitions and for ion-atom collisions than for 
atom-atom collisions. 
Bell (1961), and Bell and Skinner (1962) have carried out a similar 
study of 
He(1s)? + H+ > He(Is, 2p, or 3p #P) + H+ (124) 


and 
Na(3s) + H+ —> Na(3p) + H+. (125) 


t The position is otherwise in the case of electron exchange or of charge transfer 
where the fall off of P,, with is very rapid. 
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As they realized, (125) is too strong a transition to be successfully 
treated by the first Born approximationt (cf. p. 594). 


Asymptotic value of expansion coefficient 





impact porometer in units of a, 


Fic. 16. First Born approximation to a,, ,,() — p curves with nl = 2s, 2p, or 
2p41 for H(1s) — Ht collisions and H(1s) — H(1s) collisions at 100-kev impact energy. 
(The subscript 0 is used to indicate that the angular part of the eigenfunctions is cos 0 
and the subscript +1 that it is sin 8 cos ¢). 


Information on the range of validity of the first Born approximation 
may be obtained from the impact parameter version. Necessary general 
conditions are (i) that the nuclei move with constant relative velocity 
vector and (ii) that the total population in states other than the initial 
state remains small so that if Z,, is the value of Z at which 


P(Z) = >) | @y¢(Z) |? (126) 


Q#D 
is greatest for any given p, then 


P(Zy) <1. (127) 


With the aid of classical orbit theory it may easily be shown that 
unless very strong Coulomb forces are involved condition (i) is satisfied 
down to low velocities of relative motion (Bates and Boyd, 1962a). 

Condition (ii) may cause quite severe restriction. It is of course 
Satisfied at high velocities of relative motion; but it may be violated at 
moderate and low velocities of relative motion and indeed the calculated 
value of P(Z,,;) may even exceed unity. The restriction imposed has as 
yet only been investigated for collisions of the H(ls) — H+ family. 


t In the case of head-on collisions the calculated probability of excitation is unity at 
an impact energy of just over 10 kev. 
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Even in this case the results available are not sufficient to determine 
P(Zy) properly because (a) they relate to the values of the expansion 
coefficients after the encounter is over, and (b) they concern only the 
excitation of the 2-quantum level. However, as regards (a) it may be 
demonstrated that | @,,,.(Z) |? may be taken to equal | a,,,)(©) |?, 
at least beyond the maximum of the cross section versus energy curve; 
and as regards (b), undue error can scarcely be introduced by putting 


D | are,nrl2) 2 = rfl @us.00() |? + | ats,20(%) [73 (128) 


nl<l1s 


where r is the known ratio of the total inelastic cross section to the 
excitation cross section for the 2-quantum level. Figure 17 shows P’/Z? 


14 
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Fic. 17. Estimated first Born approximation to the probability that a nucleus of 
charge Z,e mass M, (on chemical scale) and energy @ (in kev) causes excitation or ioniza- 
tion of a normal hydrogen atom in a head-on collision. 


plotted against log (€/M,) where P’ is the estimated value of P(Z,,) for 
head-on collisions (which are the most critical) and where Z,e, M,, and 
& are the charge, mass (chemical 1O scale), and energy (kev) of the 
projectile. If @y is the value of & at which P’ falls to the value X, it 
is reasonable to regard the inequality (127) as being seriously violated 


when 
, at SP (129) 
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and as being satisfied when 
E> Eq. (130) 


It may be seen from Fig. 17 that if the projectile is a proton &), and 
@ 1 are about 50 and 200 kev, respectively. In the case of an alpha 
particle the corresponding energies are about 16 times greater, that is, 
about 800 and 3200 kev. 

If the probabilities derived from the first Born approximation (or any 
other approximation) are unacceptably high for some range of impact 
parameters, it may be advantageous when computing the cross section 
from (119) to replace them by smaller values even though these be 
empirical. The contrivance has been used in several cases: for example, 
by Purcell (1952) and Seaton (1955) in their investigations on the excita- 
tion of the 2s-2p transition of hydrogen by proton impact. 

A further necessary general condition is that electron exchange should 
be unimportant. Little can be said about this at present. Exchange 
effects naturally fall off rapidly as the velocity of relative motion is 
increased, They do not, of course, enter at all if the projectile is a bare 
nucleus. 

In considering the range of validity of the first Born approximation, 
account should ideally be taken of relevant characteristics of the particular 
transitions of interest. For a given pair of colliding systems a velocity 
of relative motion which is within the range for one transition may be 
below the limit to the range for another transition. We shall return to 
this later (§ 2.2). 


1.2.2 Charge Transfer 


Letting ,,(r,) be the eigenfunctions and »,, the eigenenergies in state 
‘m around the projectile B it is seen that as an alternative to (106) the 
electronic wave function may be written in the form 


IMvZ 4, 


Xglt0s t) = bom(®) omer) exp [2 — (ag, + 4 me%) t] (131) 


with 
Zq=7T,° V. (132) 


Each term of this expansion is an exact solution of the Schrédinger 
equation (108) in the limit of infinite nuclear separation. 

Substituting (131) in (108) and proceeding as in § 1.2.1 it may be 
shown that 


byl) = — I. BryqlZ (133) 
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where 
Boa = [f of(er) exp [22] Vr.) X sles t) dea] exp [5 (ne + 4m0%)2] 
(134) 
If X, is taken to be x,(r,) exp [— ze,t/#] as usual, (134) becomes 
Boy = { oles) VMr2) x9(0e) exp [—™*] ae, 
exp | =! (<p — 1% — 3 me*) Z] (135) 
which on putting 
z=3,—4Z (136) 
reduces to 
B ya = 8ya &P [= (ey — 1) Z| (137) 
where 
= | oe(t2) VA(ra) xo(r) exp [—F""* ] dr. (138) 


The position regarding the post and prior interactions is of course the 
same as in the wave treatment (cf. § 1.1.3). 

Since the nuclei are assumed to move with constant relative velocity 
vector, it is clear that the force between them cannot affect the probability 
of charge transfer. The impact parameter treatment might therefore 
be judged to require that the interaction potential contain only the 
nuclear-electronic term. However, V“(r,), introduced in (107) and 
appearing in (138), is not in fact uniquely defined. Formally, any function 
of R, including the controversial nuclear-nuclear term, may be added. 
As in §1.1.3 the arbitrariness in the results is due to the nonorthogo- 
nality of the eigenfunctions (Takayanagi, 1955; Bates, 1958b; Sil, 
1960). Taking proper cognisance of the nonorthogonality, it may be 
shown that g,, in (137) should be replaced by 


hap ae Salo» 
1—1SeoP an 
where 
hay = { flee) Vr) xolee) exp [— "= ] ate, (140) 


hyp = | xE(te) V2(r0) xo(te) Pra (141) 
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and 


Sev = | of(€0) x» (ta) exp [-—2"*] arr, (142) 


It is observed that (139) is not affected by the addition of a function 
of R to V*(r,). 

Using (133), (137), and (138) with only the nuclear-electronic term 
in the interaction potential, Brinkman and Kramers (1930) have obtained 
an expression for the probability of charge transfer from the Is state 
around a nucleus of charge Z,¢ to the Is state around a nucleus of charge 
Z,e. In the important case of charge transfer from hydrogen atoms to 
protons their expression for the probability reduces tot 


Pe 1B = ee i: rom {K,(3 3 pl4 + s?]}1/2)}2 (143) 


in which the impact parameter p is in atomic units, s denotes mu/h 
and K, is the modified Bessel function. It is apparent that an increase 
in v, when v is high, leads to an increase in the relative contribution of 
close encounters to the charge transfer cross section; and that in the 
limit the only encounters which are effective are those for which p is 
vanishingly small. This is just what would be expected physically, 
bearing in mind the difficulty of giving much momentum to an electron 
in an encounter (cf. Bates and McCarroll, 1962). 

The inclusion of the nuclear-nuclear term in the interaction potential 
is not easy mathematically, but a rather complicated expression for 
PCA ISB has been obtained by Schiff (1954). The evaluation of Pirro), 
is best carried out by numerical methods (Bassel and Gerjuoy, 1960; 
McCarroll, 1961). A closed formula may be obtained if the denominator 
of (139) is replaced by unity (Murakaver, 1961). 

Even when the energy @.is moderate, A\%%1,3 exceeds unity over 
a range of p giving a major contribution to the calculated charge transfer 
Cross section and PAYG} exceeds unity for small p (tending logarith- 
mically to infinity as p tends to zero); but unless & is low, Pore), 
behaves properly, which is satisfactory since it is based on what is 
believed to be the correct treatment. The fact that the calculated values 
of Pine sop, Prgine, and Aiortho), are not all less than unity is not in 
itself evidence that the transition matrix elements involved are basically 
incorrect—it merely means that back-coupling to the initial state should 
be taken into account. 


t The superscripts (ne), (ne + nn), and (ortho) have the significance assigned to them 
On page 573. 
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Similar calculations on 
H(1s) + He?+ > H+ + Het(ls, 2s, or 2p) (144) 


have been carried out by McCarroll and McElroy (1962) and McElroy 
(1962). However, the effect of distortion (§ 2.1) on the cross sections 
of these is very great (cf. page 592). 


2 Higher Approximations 


There are two complementary approaches to the problem of developing 
satisfactory higher approximations: to begin by taking either (i) full 
account of what are judged to be the more important matrix elements 
neglected in the first Born approximation or (ii) partial account of all 
the matrix elements. Approach (i) is followed in the distortion approxi- 
mation and approach (ii) is attempted in the second Born approximation. 

Inelastic collisions between pairs of ions are usually no more difficult 
to treat by the higher approximation than are inelastic collisions between 
ions and neutral atoms because the Coulomb force may be ignored 
unless the velocity of relative motion v is very low (Bates and Boyd, 
1962a). The excitation of hydrogenic ions by bare nuclei is especially 
simple. It is found that {Z4/Z?}Q is a function only of Z,/Z, and of 
v/Z, where Q is the excitation cross section and Z,e and Z,e are the 
nuclear charges of the target and projectile, respectively (Bates, 1961b). 
Theoretical (or indeed experimental) results obtained on hydrogen 
atoms may hence be scaled to apply to hydrogenic ions. 


2.1 DISTORTION AND OTHER SPECIAL APPROXIMATIONS 


Since it is simpler than the wave treatment, the impact parameter 
treatment will be used. 

The diagonal matrix elements on the right of (111) are not multiplied 
by oscillatory exponential factors as are, in general, the other matrix 
elements. They are therefore likely to be particularly important. 
Allowance for them may easily be made. Putting 


ad Z) = eye) exp [= f° a dl (145) 
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(111) for 4a,,(Z)/@Z becomes 


in oO = SX cml) ¥ oR) ox [Fe* ral) (146) 
with 
Yd) = (em =) Z + | (Fa(R) — He} aZ, (147) 


The first order approximation to the solution may be obtained by sub- 
stituting the zero order approximation 


Con(Z) = Son (148) 


in the right and then integrating. It gives the probability of a transition 
from state p to state q to be 


Pa es | {oR exp [=* * yeo(Z)) a2 





(149) 


log [energy of incident alpha particle in kev | 
He** H* 175 200 225 250 275 300 
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Fic. 18. Comparison of first Born and distortion approximations to the cross section— 
energy curves for H(1s) + H+ (or He?+) + H(2s) + H*(or He?+). The lower and inner 
Scales refer to H+ impact; and the upper and outer scales to He?+ impact. 
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This is the distortion approximation. The simple derivation presented 
above is that given originally by Bates (1959). Another derivation has 
been given by Mittleman (1961). Clearly (149) differs from (120) of 
the first Born approximation only in that perturbed values of the eigen- 
energies replace the exact values. 

Figures 18 and 19 compare the cross sections for 


H(1s) -+ H+(or He2+) > H(2s) + H+(or He?+) (150) 
and 
H(1s) + H+(or He?+) > H(2p) + H+(or He?+) (151) 


obtained by the distortion approximation with those obtained by the 
first Born approximation (Bates, 1959, 1961a). As would be expected, 
the greater the charge on the projectile the greater the effect of distortion. 
It is seen that distortion is much more important for (150) than for 
(151) and further that its influence is not even the same qualitatively, 
the cross sections for (150) being decreased at all energies but the cross 
section for (151) being decreased only at low energies and being increased 


log [ energy of incident alpha particle in kev | 
He** a 175 200 225 250 275 300 
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Fic. 19. Comparison of first Born and distortion approximations to the cross section 


energy curves for H(1s) + H+ (or He?+) + H(2p) + Ht (or He?+). The lower and inner 
scales refer to H* impact; and the upper and outer scales to He*+ impact. 
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at high energies. The difference arises from two causes. Firstly, close 
encounters contribute relatively more to the 1s-2s transitions than to 
the ls-2p transitions and such encounters are more affected by distortion 
than are distant encounters. Secondly, W,,, and V. apy, is are symme- 
trical with respect to Z, but W,°,, is antisymmetrical so that (149) 
gives 





4 is sa(Z. z 
Pana = Free | J Kena) 00s | 242) | gz (152) 
and 
4 e Yis,2p (2) 2 
Prsass = Froe | JW srasaeR) 008 janet az| (153) 





with the exponential replaced by a cosine function in both cases, but 


gives (Zz) 
4 oO r Y1s,200 2 
Prsasy = —Fage | JM anareR) sin jee | az| (154) 


with the exponential replaced by a sine function. The interaction makes 
the initial and final potential energy curves separate as the colliding 
systems approach and thus makes 


— V1s,28(Z), — Yiserg(Z) ANd — Yys,0n(Z) > (<2soren — €1s) Z- (155) 


It follows that when the energy is high, distortion decreases the calculated 
values of O(1s, 2s) and Q(1s, 2p,,) but increases that of Q(1s, 2p). In 
the region where the effects of distortion on Q(1s, 2p)) and Q(1s, 26,1) 
are in the opposite sense, the effect on 


Q(1s, 2p) = Q(1s, 29) + O(1s, 2p1) (156) 


is, of course, reduced by cancellation. Owing to the difference in the 
relative importance of close and distant collisions in the two cases, the 
effect of distortion on Q(1s, 2p,3) is less than on Q(1s, 2p)) and hence 
the tendency is for Q(1s, 2p) to be increased. 

It should not be assumed that accurate cross sections for processes 
(150) and (151) are obtained merely by taking distortion into account. 
Other refinements are needed. 

Processes (150) and (151) lead to states of the same energy.t The 
Cross section Q(1s, 2s) for (150) is small. Its value would be expected to 
be affected markedly by the existence of (151) for which the cross 


t The degeneracy gives rise to secular terms in (111) in addition to those taken into 
account in the distortion approximation. 
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section O(1s, 2) is quite large. As will be seen in § 2.2, this expectation 
is fulfilled. The influence of (150) on (151) is probably much less impor- 
tant than the inverse, but it requires investigation. Using (146) it is a 
trivial task to write down the relevant coupled differential equations, 
but to solve these equations entails much labor. 

If the projectile is a proton the values of Q(1s, 2s) and Q(1s, 2p) are 
likely to be affected by the resonance charge transfer processes 


H(1s) + H+ > H+ + H(1s) (157) 


and 
H(2s, 2p) + H+ > H+ + H(2s, 2p) (158) 


(which have very large cross sections at low energies). It should be 
noted too (cf. § 3) that in close encounters there is very strong coupling 
between the 20 and 2pm states of the quasi-Hj molecule [which 
correspond in the separated atoms limit to H(1s) + H+ and to H(2p,) 
+ H+, respectively]. Clearly H+ and Het(1s) ions of the same speed 
must differ more in their effectiveness in exciting (or ionizing) atomic 
hydrogen than might be expected from the slight extent (cf. Fig. 9) 
they differ in their potential fields. 

Bell (1961) has investigated the excitation of normal helium atoms 
to the 1s2p1P and 1s3p1P levels by proton and alpha particle impact. 
He found that distortion is more important for the higher level than 
the lower. The effect on the cross section versus impact energy curves 
is qualitatively as depicted in Fig. 19. 

Distortion similarly modifies the first Born approximation for the 
probability of charge transfer, the eigenenergies of the isolated systems 
in (137) being replaced by the values of these eigenenergies when 
perturbed by the interaction (Bates, 1958b). In the case of symmetrical 
resonance charge transfer the corrections to the eigenenergies corres- 
ponding to the initial and final states are naturally the same so that the 
effect of distortion vanishes because of cancellation. McCarroll and 
McElroy (1962) have investigated 


H(1s) + He?+ + Ht + Het(1s) (159) 


for which the distortion is unusually great, since though there is no 
Coulomb interaction between the initial systems there is a Coulomb 
interaction between the final systems. The potential energy surfaces 
involved are much closer together at small nuclear separations. In 
consequence, the inclusion of allowance for distortion leads to an increas¢ 
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in the cross section (Fig. 20). McElroy (1962) has also investigated the 
asymmetric or (accidental) resonance (§ 3.1.2) processes, 


H(1s) + He?+ — H+ + Het(2s or 29). (160) 


The most striking effect of distortion on these is to make the cross 
sections fall very rapidly as the impact energy is decreased towards 
zero. Distortion has little influence on (98) which differs from (160) in 
that a Coulomb interaction is not involved (McElroy, 1962). 
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Fic. 20. Effect of distortion on cross section—impact energy curve for H(1s)-+ He?+t > 
Ht + Het(1s). Curve a is Q(7*0) ignoring distortion; curve b is Q(°"'#°) with allowance 
for distortion (McCarroll and McElroy, 1962). 


Matrix elements other than those associated with distortion may 
readily be taken into account in principle, but they are rather trouble- 
some in practice, since they give rise to coupled differential equations. 
Little detailed work has yet been done. 

Skinner (1962) has refined the distortion calculations on (151) by 
including the matrix element joining the 2p, and 2p,, states. The 
Coupling influences the components 1s — 2p, and 1s — 2p, markedly 
but in the opposite sense; it influences the complete transition 1s > 2p 
only slightly (cf. TableIV). Bell and Skinner (1962) later investigated the 
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effect of back-coupling to the Is state finding it to be small. Back-coupling 
is, however, very important in the excitation of the resonance line of 
sodium by proton or alpha-particle impact or in other processes 
involving a strong transition. Taking account of it naturally ensures 
that the calculated probability of excitation is less than unity. 


TABLE IV 
Process H(1s) + H+ — H(2p) + H+? 


Transi- Total 
tion 1s + 2p 1s > 2p4 1s + 2p 
Cross section in units of 7a? 
log & 1B D DC 1B D DC 1B D DC 
(Po—P 41) (Po—P 4:1) (Po—P 41) 





1.00 1.072 0.287 0.520 0.650 0.274 0.120 1.722 0.561 0.640 
1.25 1.054 0.685 1.002 0.837 0.516 0.341 1.891 1.201 1.343 
1.50 0.859 0.862 1.103 0.896 0.697 0.560 1.755 1.559 1.663 
1.75 0.620 0.724 0.875 0.815 0.722 0.653 1.435 1.446 1.528 
2.00 0.411 0.498 0.577 0.680 0.636 0.607 1.091 1.135 1.184 
2.25 0.257 0.310 0.344 0.524 0.507 0.496 0.781 0.817 0.840 
2.50 0.155 0.179 0.195 0.380 0.375 0.371 0.535 0.554 0.566 


*Skinner, 1962. 

>Column 1B refers to the first Born approximation, column D to the distortion 
approximation and column DC (9 — p41) to the approximation in which account is 
taken of distortion and of the coupling between the 2) and 2p4, states; & is the 
energy of the incident proton in kev. 


2.2 SECOND BorN APPROXIMATION 


Substitution of the first order approximation (115) and (116) in the 
right of the set of differential equations (111) for the expansion coeffi- 
cients followed by integration with respect to Z yields the second order 
approximation 


Ang) = = [ i * v7 (Ress 1G, «I z| dZ + Asal (161) 


Tio | 





in which the correction term is given by 


bn = FEZ fh tte exe File co 2] ez 


Y on(R) exp ae (En — €) z| dZ (162) 
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where R’ has coordinates (Z’, p, ®). The second Born approximation 
to the probability that the transition occurs is then 


Pryq = | ay.(%) rath (163) 


the postscript X4th being a reminder that no terms of the fourth order 
in the interaction potential are to be included in evaluating F,, from 
(161) and (163) since all such terms are not known. Failure to heed the 
reminder may lead to serious error (cf. Kingston et al., 1960). 

The second Born correction term 4,,, may be regarded as allowing for 
the possibility that the p— gq transition may take place through the 
p> n—>q sequence of virtual transitions. Distortion (as understood 
in §2.1) corresponds to the p—>p—gq and p>q—-q oe 
Integration by parts shows that its effective contribution to 4,, 


suite) = =F 





¥ p(R’) — VedR)| a2" 
VY (R) exp lo, —«,) Z\dZ. (164) 


Similarities between the structure of the integral in (149) and the struc- 
ture of (161) with 4,, replaced by 4,,, (dist) are immediately apparent. 
The matrix element W,, is contained in the right of (164) as in the 
leading term of (161) so that the importance of the partial correction 
term 4,,; (dist) does not depend on whether the transition is weak or 
strong. The full second Born correction 4,, has different properties. 
It is especially important if p — q is a weak transition, and if there is a 
state n such that p—> m and nq are strong transitions: for example, 
the excitation of the 1s — 2s transition of atomic hydrogen by proton 
impact is markedly influenced by the 1s > 2p — 2s sequence (Kingston 
et al., 1960). In contrast, if p> g is a strong transition 4,, is likely to 
be unimportant (excepting perhaps for the part due to distortion). 
However, on proceeding to the third Born approximation, a further 
Correction is introduced which includes a contribution (corresponding 
to what is called back-coupling) from the p > q — p — q sequence. For 
Strong transition this contribution may be considerable; thus in the 
excitation of sodium by protons the 3s — 3 transition is greatly influenced 
by the 3s—> 3p — 3s — 3p sequence (Bell and Skinner, 1962). The 
existence of sequences enabling the final state to be reached indirectly 
through intermediate states does not of course necessarily make the 
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cross section greater than it would otherwise be. Because of interference 
the cross section may be diminished.In general, the tendency of sequences 
is to strengthen weak transitions and weaken strong transitions. For 
excitation and ionization the effects associated with the (N+ 1)th 
Born approximation fall off with one higher power of the velocity of 
relative motion than do the effects associated with the Nth Born approxi- 
mation; but for charge transfer this is not necessarily the case (Bates 
and McCarroll, 1962). 

Attempts at carrying out the summation in (162) analytically have 
not proven successful. It has as yet only been possible to take a few of 
the terms into account. 

Kingston et al. (1960) have used the second Born approximation 
in an investigation of the excitation of the 1ls— 2s transition of 
atomic hydrogen by proton impact. They followed the wave treatment 
since they were also interested in excitation by electrons. They confined 
their attention to (a) ls—1s— 2s and 1s— 2s—> 2s (which corres- 
pond to distortion) and (b) 1s 2p —> 2s (which is responsible for the 
main part of what may be regarded as the effect of the polarization of 
the atom by the incident proton). With (a) alone they obtained excellent 
agreement with the results of the distortion approximation; with (b) 
in addition they found that the calculated cross section increased to 
close to that given by the first Born approximation, the effects of distor- 
tion and polarization almost canceling (Table V). 


TABLE V 
Process H(Is) + H+ + H(2s) ++ Ht @ 





k= 1.0 1.5 2.0 3.0° 
Case? Cross section in units of 7a 
(i) 0.290 0.148 0.0877 0.0404 
(ii) 0.148 0.110 0.0743 0.0376 
(iii) 0.161 0.119 0.0777 0.0383 
(iv) 0.588 0.243 0.125 0.0495 





® Kingston et al., 1960. 

> (i) First Born approximation; (ii) distortion approximation; (iii) second Born approxi- 
mation including only the direct transition and the ls > ls > 2s and 1s > 2s > 2s 
transitions (distortion effects); (iv) second Born approximation including also the ls ~ 
2p — 2s transition (polarization effects). 

¢k (= Mofjh) is such that 29.6k? is the energy of the incident proton in kev. 
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3 Slow Collisions 


The range of velocities of relative motion over which reliable calculations 
on collision cross sections may be carried out can in practice be extended 
only moderately by going from the first Born approximation to the 
distortion, second Born or similar approximations since the number of 
matrix elements which are important generally increases rapidly as the 
velocity is decreased. It is clear that the expansion in terms of the 
eigenfunctions of the isolated target is unsuitable for the study of slow 
encounters. Mott (1931) suggested that the expansion should be in 
terms of the eigenfunctions which would describe the quasi-molecule 
formed by the target and the projectile if their relative position vector 
R were momentarily fixed. This expansion forms the basis of what is 
called the perturbed stationary state or pss approximation (cf. Mott and 
Massey, 1949; Bates et al., 1953). 

In discussing the pss approximation, we shall in the first instance 
exclude the special case of symmetrical resonance charge transfer. 

It was originally assumed that a transition from one state of the quasi- 
molecule to another is very unlikely in a slow encounter and therefore 
that the only matrix element which need be taken into account is that 
joining the states of the quasi-molecule which tend in the separated 
atoms limit to the initial and final states of the target.t On this false 
premise the impact parameter treatment gives that the probability 
Pq of the target being excited from state p to state q is | a,,(~) |? where 
if #,(r | R) and %,(r | R) are the eigenfunctions and E,(R) and E,(R) 
are the eigenenergies of the appropriate states of the quasi-molecule, 
then 


ee) —% Z 
aye) = — J MP, aR) exp |= [ [E,(R’) — EAR] z'| dz (165) 
with 
Mp, 9|R) = % [dele /R) ae vole |R) de 


+F. [der |R)i apr |R) Pr (166) 


t To avoid unnecessary complication it is supposed throughout this chapter that 
there is a one-one correlation between the molecular ard the atomic states. 
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and ‘ é 
12 = — singh aq ond ond (167) 


6 and ¢ being the angular coordinates of r referred to a rotating system 
(with z polar axis along the internuclear line). 

Until a few years ago it was widely but incorrectly believed that the 
pss approximation, formulated as just indicated, tends to the first Born 
approximation in the limit of weak interactions and high velocities of 
relative motion. Apparent proofs of this have been advanced. They are 
invalid because they fail to make proper allowance for the rotation of 
the internuclear line during the encounter. 

An understanding of the pss approximation may most readily be 
gained by examining its true limit the perturbed rotating atom or pra 
approximation. In this (Bates, 1957), the eigenfunctions of the quasi- 
molecule are replaced by the eigenfunctions of the target perturbed by 
the projectile, the same rotating frame of reference being used; and the 
eigenenergies of the quasi-molecule are replaced by the eigenenergies 
of the isolated target—for consistency they should strictly be replaced 
by the eigenenergies of the target perturbed by the projectile but the 
difference is unimportant at high velocities of relative motion. With the 
replacements in (166) which have just been indicated, Bates (1958a) 
carried out calculations on the excitation of the 1s—> 2s and ls > 2p 
transitions of hydrogen by protons and by other hydrogen atoms. For 
the 1s — 2s transition the pra approximation naturally gives precisely 
the same results as does the first Born approximation (the atomic 
eigenfunctions involved being spherically symmetrical). The position with 
regard to the 1s — 2p transition is far otherwise. Taking the case of proton 
impact, the pra approximation gives 








ae Te ae: ie ce 2K, (p[o2 + 2}1/2) 
13,209 io) (a? + £2)1/2 
2 3 
sas Kip) — (1+ 532) Kile] 168) 
and 
8V 2p 7128 (3/2 P 
41 s,274(°) = us Gr f ; PK (ela? + t°]'?) dt — 4 KjpA)| (169) 
whereas the first Born approximation gives 
8/20? 1256 256 
Anan) = [FB Kelpa) — |? + 28t Kelp) 


oP + | Kiled)] (170) 
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and 
_ 8V20 326 256 2p 
traa0a(®) = Ye [RE K(pa) — SP Kelp) — 4 |? + 26 K(pa)] 
(171) 
in which 
3 3 1 \i 
ea gon « Ao (l aes) i 


v is the velocity of relative motion in atomic units, and the K’s are the 
modified Bessel functions. The results clearly differ. In particular, 
for large impact parameters p combination of (168) and (169) yields 





i 
Ps,29 ~ zy EXP (— 3p) (173) 


as the velocity of relative motion v tends to infinity, which is absurd, 
while combination of (170) and (171) yields 


Pr 15,09 ™ ea c * exp = 3p), (174) 


which is correct. The difference for slow encounters is also striking. 
As may be seen most easily from the wave treatment, the cross section 
given by the pra approximation again rises above the cross section given 
by the first Born approximation at low v and indeed passes through a 
subsidiary maximum (Bates, 1957). Close encounters are here respon- 
sible. 

At any given v the assumption that the interaction of the projectile 
causes the eigenfunctions to follow the rotation of the internuclear line 
is invalid if p is less than some value p, since the rotation is then too 
rapid and is invalid also if p is more than some value pg since the inter- 
action is then too weak. As v is decreased p, becomes smaller and p, 
becomes greater. The assumption regarding the eigenfunctions is 
clearly completely invalid when v is high. From what has just been 
said concerning p, and p, it might be thought that if v were decreased 
enough the assumption would become justified over a sufficient range 
of p to ensure that it could not lead to serious error in the excitation 
cross section. This is not the case. The region p < p, remains of major 
importance (Bates, 1958a). 

Allowance must be made in the pra approximatuon for the reluctance 
of the eigenfunctions to follow the rotation of the internuclear line. 
This reluctance is acknowledged mathematically by the existence of 


600 D. R. BATES 


coupling between states differing only in magnetic quantum number. 
The coupling is strong. When account is taken of it the modified pra 
approximation tends to the first Born approximation in the weak 
interaction and high velocity limits (and indeed is equivalent to the 
first Born approximation if unperturbed eigenenergies are used). 

In the case of the 1s — 2 transition the modified equations for the 
expansion coefficients are 


2045.20 é a —1 
zt ar F *20(R)| exp = reso] 
—i 
+ Ays,20.5 pe XP [G—Pavgs2n] (175) 
and 
0415,2044 = _ Po 0 R [= | 
a R A 1s,2n(R) exp Fo Pis.20.1 
—% 
— As5.00 be xP [= Bone.tnsi] (176) 
with 
0 1 * 
5.29 = —— | X00) V(r, R) X0p,(8) 2? 177 
Fina = Tey a aaey | AE) VR) x2n(2) (177) 
Z 
Bam = [_ fna(R) — na(R)} 42 (178) 


the y’s being the unperturbed eigenfunctions of the target (with z polar 
axis along the internuclear line), the 7’s being the perturbed eigen- 
energies and V(r, R) being the interaction potential. As usual, the 
subscript 0 denotes the state for which the angular part of the eigen- 
function is cos 9 and the subscript + 1 denotes the state for which 
the angular part of the eigenfunction is sin @ cos ¢. The coupling 
terms are underlined. They are particularly important if the impact 
parameter is small (since the maximum of the modulus is then large) 
or if the velocity is high (since they are then effectively secular). 
Coupling terms must similarly be retained in the basic equations of 
the pss approximation. Bearing in mind their physical significance it is 
apparent that special attention must be paid to the coupling terms which 
connect the initial or final states with states which differ only in magnetic 
quantum number either in the united atom limit or in the separed atoms 
limit.t The equations may readily be written down but form a com- 


t The need for these coupling terms has only recently been realized. Because of this 
all published applications of the pss approximation to inelastic collisions are incorrect. 
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plicated set. Furthermore, in addition to the coupling associated with 
rotation, it is necessary to take into account coupling with any states 
having potential energy surfaces which approach close to the potential 
energy surfaces of the states directly concerned. The general prospect 
for detailed calculations is not promising. 


3.1 CHARGE TRANSFER 


3.1.1 Symmetrical Resonance 


At low velocities of relative motion the probability of symmetrical 
resonance charge transfer 


X+X+>X+4X (179) 


is, as will be seen later, high up to quite large values of the impact 
parameter. Close encounters give only a small contribution to the cross 
section. Consequently, the neglect, in the original version of the pss 
approximation, of the coupling of the states directly concerned to states 
differing only in magnetic quantum number in the united atom limit 
cannot cause significant error in the cross section. The neglect of the 
corresponding coupling to states differing only in magnetic quantum 
number in the separated atoms limit is justified at sufficiently low 
velocities. Moreover, this coupling does not arise for most of the pro- 
cesses studied because the initial and final atomic states happen to be 
spherically symmetrical. 

The pss approximation was first applied to symmetrical charge transfer 
by Massey and Smith (1933). Bates et al. (1953) discussed the theory 
further and established the relationship between the wave and impact 
parameter treatments. Later Bates and McCarroll (1958, 1962) removed 
inconsistencies revealed by the work of Bates, Massey, and Stewart 
and took account of the change in the translational motion of the active 
electron. 

We shall first give a general description of the mechanism by which 
charge transfer is effected. 

Before the encounter the active electron is in the neighborhood of a 
Particular nucleus. It is not described by one of the eigenfunctions of 
the quasi-molecule; instead, it is described by the superposition of a 
Pair of these eigenfunctions, one gerade and the other ungerade. If the 
Velocity of relative motion is slow the coefficients associated with these 
eigenfunctions are not altered appreciably by the encounter. However, 
the relative phase of the eigenfunctions is changed because of the 
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difference between the eigenenergies when the nuclear separation is 
finite. Hence, the superposition does not remain the same. This corres- 
ponds to the occurrence of charge transfer. It is to be noted that an 
electronic transition is not involved. In consequence, the cross section 
does not behave in the customary manner as the velocity tends to zero, 
Instead, if it were not for the effect of the interactiont on the motion 
of the nuclei it would tend logarithmically to infinity. 

If the effect of the change in the translational motion of the active 
electron is ignored, it is found from the pss approximation that the 
probability that symmetrical resonance charge transfer occurs in an 
encounter is sin? £ where 


eR) —e(R) |, __ofe)*pt 1" 
a “ie ——Tay CO ee (180) 


e+(R) and e«~(R) being the eigenenergies of the relevant gerade and 
ungerade states of the quasi-molecule, v(R) being the velocity of relative 
motion and R, being the greatest value of R making the integrand 
vanish (Massey and Smith, 1933). Unless the encounter is very slow 
or Coulomb forces are involved v(R) may be put equal to v(~) without 
significant error. Denoting it by v (as usual), (180) becomes 


© Ryet(R) — e-(R) 
=5 an Re aR. (181) 


Unless v is high, sin? ¢ oscillates rapidly in the region of small p and 
may there be replaced by its average value. If p* is the largest value of 
p for which ¢ is 7/2, the formula for the charge transfer cross section 
may to a sufficient approximation be written 


Q = 4ap*? + 2n fF esin’ tL dp. (182) 
p 


The procedure for computing the cross section has been discussed by 
Firsov (1951), Demkov (1952), Holstein (1952), and Dalgarno and 
McDowell (1956). 

A formula essentially similar to (181) may be obtained using atomic 
eigenfunctions as in § 1.2.2 allowing for their nonorthogonality and 
allowing also for back-coupling between the final and initial states 
(Gurnee and Magee, 1957). The only difference is that the LCAO ap- 


+ The effect of the interaction is to increase the cross section if one system is an io? 
and the other a neutral atom, and to decrease the cross section if both systems are ions 
(cf. Bates and Boyd, 1962b). 
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proximation to e+(R) and e~(R) appear in place of the exact eigenenergies 
(Bates and Lynn, 1959). On this model symmetrical resonance charge 
transfer entails an electronic transition. The behavior in the low velocity 
limit might therefore seem anomalous. There is, however, no anomaly 
since in addition to the energy balance being exact at infinite nuclear 
separation no distortion effects arise (cf. p. 592). 

Calculations with exact or quite accurate eigenenergies have been 
carried out on the following processes: 


H(1s) + H+ > H+ + H(Is) (183) 
(Dalgarno and Yadav, 1953; Ferguson, 1961); 
H(2s, 2) + H+ > H+ + H(2s, 2p) (184) 
(Boyd and Dalgarno, 1958); 
H(1s) + H-(1s)? > H-(1s)? + H(1s) (185) 
(Dalgarno and McDowell, 1956); 
He(1s)? + Het(Is) > Het + He(1s)? (186) 


(Massey and Smith, 1933; Firsov, 1951; Demkov, 1952; Jackson, 
1954; Moiseiwitsch, 1956); 


He(1s)? + He?+ + He?+ + He(1s)? (187) 


(Ferguson and Moiseiwitsch, 1959). Some results are given in Figs. 21 
and 22. 

A number of more complicated symmetrical resonance charge transfer 
Processes have been treated, taking the atomic wave functions to be 
nodeless and spherically symmetrical, which is a rather poor approxima- 
tion (Firsov, 1951; Demkov, 1952; Gurnee and Magee, 1957; 
Karmohapatro and Das, 1958; Karmohapatro, 1959, 1960). Moderate 
accord with experiment is achieved (cf. Chapter 18, § 4). 

As would be expected, the smaller the energy of the orbital concerned 
the greater in general is the cross section at a given velocity of relative 
tee (cf. Firsov, 1951; Demkov, 1952; Iovitsu and Ionescu-Pallas, 

60). 

The refinement of the pss approximation which takes into account 
the change in the translational motion of the active electron (Bates and 
McCarroll, 1958) has been applied to process (183) by Ferguson (1961). 
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In a complementary approach McCarroll (1961) has made allowance 
for this change in the formulation due to Gurnee and Magee (1957)—or, 
what is equivalent, has extended the range of validity of the high-energy 
approximation (139) by introducing back-coupling. The results of 
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Fic. 21. Single and double symmetrical resonance charge transfer: pss approximation 
to the cross section—energy curves for He(Is)? + Het(Is) > He+(1s) + He(1s)? (Moisei- 
witsch, 1956) and He(Is)? + He?+ — He?+ + He(1s)? (Ferguson and Moiseiwitsch, 1959). 


Ferguson (based on the molecular eigenfunction expansion) and 
McCarroll (based on the atomic eigenfunction expansion) are included 
in Fig. 22, together with the results obtained by Fite and associates 
(1960) in the laboratory. Slight oscillations occur in the theoretical 
curves because of the presence of the sine function in the integral giving 
the cross section. 

Comparing curves M, and M, or curves A, and Ag, it is seen that the 
effect of the change in the translational motion of the active electro 
becomes appreciable at an impact energy of only a few kev. 
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In the low-energy region M, should be the most accurate of the 
theoretical curves and in the high-energy region A, should be the most 
accurate. The agreement with experiment is satisfactory in the low- 
energy region, a possible error of 15% being indicated by Fite et al; 
but is poor in the high-energy region. 
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Fic. 22. Comparison of cross section—impact energy curves for H(1s) -+ H+ > 
H+ + H(1s). Curves A, and A, are based on an expansion in atomic eigenfunctions, the 
first ignoring and the second taking account of the effect of the change in the translational 
motion of the electron (McCarroll, 1961); curves M, and M, are correspondingly based 
On a expansion in molecular eigenfunctions (Ferguson, 1961); curve E is experimental 
(Fite et al., 1960) for capture into any state. 


3.1.2 Asymmetric (or Accidental) Resonance 


In asymmetric (or accidental) resonance charge transfer the system 
which loses the electron is not the same species as the system which 
gains the electron but nevertheless the energy balance is exact (or very 
close): examples are 


N,(X Zt v = 0) + OF(2D) > Nj(A2IT, v = 1) + OPP) +0.0ev. (188) 
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and 
+ 0.01 ev (7 = 0) 
O(@P,) + H+ — H(Is) + O+(4S) { + 0.00 ev (7 = 1) (189) 
— 0.02 ev (7 = 2) 


The mechanism by which the charge transfer takes place is funda- 
mentally different from the mechanism involved in the symmetrical 
resonance case (§ 3.1.1). 

When the separation between the nuclei is great there is a pair of 
degenerate (or almost degenerate) eigenfunctions of the quasi-molecule, 
one describing the active electron in an orbital of the system of which 
it is initially part, the other describing it in an orbital of the system of 
which it becomes part if transfer occurs. Transfer involves an electronic 
transition. In spite of the energy balance its probability is low when 
the nuclei are far apart because the overlap between the eigenfunctions 
is then slight. As the nuclei approach each other this overlap increases; 
but so also, in general does the difference between the associated eigen- 
energies which tends to inhibit a transition if the velocity of relative 
motion is low. In consequence, if the effect of the interaction on the 
motion of the nuclei were ignored* the cross section would tend to 
zero as the velocity of relative motion is decreased indefinitely$ in marked 
contrast to the symmetrical resonance case where, as already noted, it 
would rise logarithmically to infinity (Bates and Lynn, 1959). 

If atomic eigenfunctions are used in the expansion and the procedure 
indicated on page 602 is again followed the formula obtained for the 
cross section for asymmetric resonance charge transfer is in the first 
order approximation the same as the corresponding formula for symme- 
trical resonance charge transfer (Gurnee and Magee, 1957). It might 
therefore seem strange that the behavior in the two cases is so different 
at low velocities. The explanation is simple. It is that the exact cancella- 
tion which prevents the cross section in the symmetrical case from being 
affected by distortion does not occur in the asymmetrical case. 

Provided the initial and final atomic states are s states, the formula 
mentioned in the preceding paragraph is valid throughout the region 
in which the velocity is high enough for the effect of distortion to be 
neglected, and is low enough for the effect of the change in the trans- 
lational motion of the active electron to be also neglected. The formula 
shows that the cross section for asymmetric resonance charge transfer 
may be very large. 


t See footnote on p. 602. 
§ This behavior exemplified by the results obtained by McElroy (1962) on process (160) 


—see p. 593. 
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If other than s states are involved account should be taken of the 
coupling to states differing only in magnetic quantum number. This is 
not done in the derivation of the formula. Gurnee and Magee (1957) 
and Rapp and Ortenburger (1961) have used it in such cases ignoring 
the angular dependence of the eigenfunctions. In spite of the crudeness 
of this procedure the results obtained are in fair agreement with labora- 
tory data. 

If the energy balance is not exact the coupled differential equations 
for the expansion coefficients associated with the atomic eigenfunctions 
cannot be solved analytically even for s-s transitions unless the inter- 
action potential has a special form. Rosen and Zener (1932) and Gurnee 
and Magee (1957) have made conjectures regarding the asymptotic 
amplitudes of the expansion coefficients (which are what determine the 
cross section). Neither conjecture is correct (Bates and Lynn, 1959; 


Skinner, 1961). 


3.2 Spin-CHANGE COLLISIONS 


The simplest example of a spin-change collision is 
H(1s) [F = 1] + H(1s) ~ H(1s) [F = 0] + H(1s) (190) 


in which the hydrogen atom in the excited hyperfine level is deactivated 
through the exchange of electron spin with the hydrogen atom in an 
unspecified hyperfine level. This process was first discussed by Purcell 
and Field (1956). 

A quantal treatment of spin-change collisions for the case when the 
change of internal energy is small compared with the energy of relative 
motion, has been given by Dalgarno (1961). It is then basically similar 
to the treatment of resonance charge transfer. 

For simplicity Dalgarno took the colliding atoms A and B to be in 
doublet spin states and supposed the spin-orbit coupling to be negligible. 
He showed that the cross section for the process in which the spin 
eigenfunction of atom A changes from X4, to X4 and that of B changes 
from X3 to Xf is 


QO = | <X4 XB] Sa- Sp | X4 Xb» [? Ost (191) 


where S, and Sy are the total electron spin operators for A and B and 


Ou, = 8 [ “p sin? I" dp (192) 
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with " 
ra 1 fl) =P ap nibs 


~ Fo), (RPP 


«(R) and ¢,(R) being the eigenenergies of the triplet and singlet states 
of the quasi-molecule formed by the colliding systems. The similarity 
of (193) to (181) is immediately apparent. 

Dalgarno evaluated (191) for process (190) at velocities of relative 
motion corresponding to temperatures between 1°K and 10,000°K. He 
found that in this range of temperatures the cross section falls slowly 
from 9.4 to 4.1 a2. The cross section for the reverse process is 3 times 
as great. 


3.3. PsEUDOCROSSING OF POTENTIAL ENERGY SURFACES 


Once again let %,(r | R) and ¢,(r | R) be exact eigenfunctions of the 
quasi-molecule formed by the colliding systems, the first corresponding 
at infinite nuclear separation to the active electron in state p of system A 
and the second to the active electron in state g of system B; and let 
E,(R) and ER) be the associated eigenenergies. It may happen that 
at some nuclear separation R, there is a pseudocrossing of the potential 
energy surfaces with related change in the character of the eigenfunctions 
so that whereas for R > R, ¢,(r | R) and y,(r | R) describe (A + e),, +B 
and A + (B + e),, respectively, for R < R, they describe A + (B + e), 
and (A + e), + B, respectively (Fig. 23). In this circumstance it is 


(Ate), +8 


“A 
A+(Bte)q 7 
aS 


At+(Bte),q 


Potential energy 


Re 
(Ate))+B 





Nuclear separation 


Fic. 23. Pseudocrossing of potential energy surfaces. The full curves represent 
E,(R) and E,(R); the broken curves represent h,,(R) and h,,(R). In the region to the 
right of pseudocrossing E,(R) [and h,,(R)] lie above E,(R) [and h,,(R)]. 
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convenient when treating the collision problem to introduce linear 
combinations of %,(r | R) and %,(r | R), one of which ¢,(r | R) describes 
(A + é), + B for any internuclear distance and the other of which 
¢,(r | R) describes A + (B + e), for any internuclear distance.t These 
combinations satisfy the equations 


Ho,(r | R) = hyp(R) bo(r | R) + hao(R) dol | R) (194) 
Hor | R) = Ayal R) bot | R) + Aac(R) elt | R) (195) 


where # is the Hamiltonian operator and 


hy = | $*(r |R) #,(r | R) dr. (196) 
By definition R, is such that 
hy (Ro) = hga(R-)- (197) 


If it is assumed (i) that the effect of the change in the translational 
motion of the active electron may be ignored, (ii) that terms involving 
the time derivations (0/dt,,.) $, and (0/dt,,)¢, are small enough to be 
neglected, (iii) that only the initial and final states p and q need be taken 
into account, (iv) that the energy of relative motion at the crossing is 
very much greater than the difference between the exact eigenenergies 
of the quasi-molecule there the equations for the expansion coefficients 
Cy» and c,, associated with states p and gq, respectively, reduce to 


» Oo —i (4 

iho ar = hyglpq EXP i | (hag — hyo) az} (198) 
‘ Oc 

ito 20. — hhasegy exp =o a ee az}. (199) 


A simple formula for the probability F,, may be obtained from (198) 
and (199) if it is further assumed (v) that transitions only occur to an 
appreciable extent in a very narrow zone around the crossing, so that 
it is permissible to take 


hy» = hog a (Z ard Z) o (200) 
hyq = hop a B (201) 


and 


t Unless R, is small it is a sufficient approximation to take ¢, and $, to be the same as 
the atomic eigenfunctions (except at high velocities). It is necessary to take explicit 
account, as in (131) of the translational motion of the nuclei (Bates, 1960). If this is 
not done and if the mathematics are then developed rigorously false terms arise (cf. 
Mordvinov and Firsov, 1960). 
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where 

Z.=R,+% (202) 
and where « and § are constants. Accepting (200) and (201) the asymp 
totic amplitudes of the required solutions of (198) and (199) may be 
shown to be given by 


| €pp(%) |? = P (203) 

: | Cp) |? = 1 —P (204) 
with 

P = exp (— 1/2) (205) 

7 = hha] io» — hae (206) 


the primes indicating differentiation with respect to Z and all quantities 
being evaluated at the crossing (Landau, 1932; Zener, 1932). Clearly 
P is the probability that the system is described by ¢, and 1 — P is 
the probability that it is described by ¢, after the crossing is traversed 
once. Noting that in an actual encounter the crossing is traversed twice 
it is apparent that the probability of a transition from state p to state q is 


Pq = 2P(1 — P). (207) 


This, with P as in (205), is the Landau-Zener formula. Figure 24 depicts 
the form of the #,, versus v curve. 
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Fic. 24. Landau-Zener probability—velocity curve. 
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The Landau-Zener formula shows that charge transfer or excitationt 
may have a high probability even when the velocity of relative motion 
is so low that the behavior might be expected from condition (121) to 
be nearly adiabatic. This is of great importance. 

A slightly or moderately exothermic process of type 


A-+Bt+A+B (208) 
or of type 
A+ Bot At 4 Bom+ (209) 


has a pseudocrossing at a nuclear separation which exceeds the mean 
atomic diameter. The evaluation of the Landau-Zener formula in the 
case of such a process is not difficult. A number of computations have 
been performed (Magee, 1940, 1952; Bates and Massey, 1943; Bates 
and Moiseiwitsch, 1954; Dalgarno, 1954; Bates and Lewis, 1955; Bates 
and Boyd, 1956; Boyd and Moiseiwitsch, 1957). It has, however, 
recently been pointed out (Bates, 1960) that the Landau-Zener formula 
has very serious limitations which must affect some of the results. The 
limitations arise in part from assumptions (i), (ii), (ili), and (iv) made in 
obtaining the simplified equations (198) and (199); and they arise in 
part also from assumption (v) made in solving these equations. We shall 
consider the assumptions in turn. 

Assumption (i) is justified only if the velocity of relative motion is so 
low that h/mv exceeds the linear extent / of the more compact of the 
two atomic wave functions since the cancellation within the adopted 
matrix elements is otherwise not as great as within the true matrix 
elements. An equivalent statement of this condition is that the energy 
of relative motion & must be less than 


6, = (2.5 x 104 M/P) ev (210) 


where the reduced mass M is on the chemical scale and / is in atomic 
units. As & is increased above &,, cancellation effects tend to make the 
true probability fall below the probability given by the Landau-Zener 
formula. 

The limitation imposed by assumptions (ii) and (iii), which are 
linked, may be much more severe. Suppose that either of the atomic 
states concerned is not an s state. The time derivative of its eigenfunction 
(8/6t,,.) bp or (8/ét,,) $, then contains a considerable component of the 
eigenfunction of states differing only in magnetic quantum number. In 


t Excitation, like charge ‘transfer, may occur through the pseudocrossing of potential 
energy surfaces. 
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consequence, there is a strong coupling to these states and account 
must be taken of them in the expansion used for the wave function 
describing the colliding systems. Instead of it being necessary to solve 
two coupled equations, like (198) and (199), for the expansion coefficients, 
it is necessary to solve three or more such equations.+ This has not yet 
been done. However, it is not difficult to see how the results may be 
affected qualitatively. Figure 25 illustrates the position for s-p transi- 


energy 


Potential 





Nuclear separation 


Fic. 25. Potential energy curves associated with s, py, and p 4, atomic states with 
pseudocrossing at R,. 


tions. It shows the exact potential energy curves of the two molecular 
states allowed for in the Landau-Zener formula, that is, the molecular 
states associated with the s and py atomic states; and it shows in addition 
the corresponding curve of the molecular state associated with the 
pai atomic state. Suppose that the s state is occupied initially. If the 
systems approach and recede sufficiently slowly then according to the 
Landau-Zener formula there is very little chance of a jump from curve | 
to curve 2 (Fig. 25) and thus very little chance of the py state being 
occupied finally. However, because of the strong coupling between the 
po and p,, states there may actually be a considerable chance of a jump 
from curve | to curve 3 when the representative point in Fig. 25 is to 
the left of the pseudocrossing, and also a considerable chance of a 
jump from curve 3 to curve 2 when it is to the right of the pseudo- 
crossing. The neglect in the Landau-Zener formula of the coupling 
arising from the rotation of the polar axis may this lead to a serious 
underestimate of the probability of a transition at low velocities of relative 


t An example of the equations which arise has been given by Bates (1960). 
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motion. If only s states are involved such coupling does not arise. 
However, even in this case the time derivatives (0/0t, ) $, and (0/2t,.) dg 
must eventually become important as the velocity is increased. 

In general, assumption (iv) is fully justified over the energy range of 
most interest. It causes relatively little concern. 

Because of assumption (v) the Landau-Zener formula may be incorrect 
even for encounters for which (198) and (199) are valid. The most 
obvious failure is in the high velocity limit; thus, the Landau-Zener 
formula predicts the rate at which the probability of a transition dimi- 
nishes is as v-! whereas the true rate is as v~? (the effect of the change in 
the translational motion of the active electron being ignored in both 
instances). It may be shown that assumption (v) is responsible (Bates, 
1960). Transitions are not confined to a narrow zone around the crossing. 
This makes (200) and (201), which are of course correct only over a 
narrow zone, unacceptable. Owing to their adoption in the derivation 
of the Landau-Zener formula the width of the ill-defined zone over 
which transitions take place in the mathematical model increases 
indefinitely as v/ which is physically absurd. 

Fallacious results are obtained not only when v is very high. Even 
when v is but moderate in magnitude, the transition zone may be too 
wide for it to be permissible to take | ,, | to be constant as in assumption 
(v). The rapid variation of | h,, | with R may profoundly alter the form 
of the #,, versus v curve. In particular, it may cause #,, to rise to a 
second maximum on the high wv side of the maximum corresponding to 
that given by the Landau-Zener formula (cf. Bates, 1960). 

It is unreasonable to expect it to be possible to remove the defects 
of the Landau-Zener formula by a simple modification. The course of 
an encounter is not in general determined by the matrix elements 
associated with two states of the quasi-molecule at the nuclear separa- 
tion of the pseudocrossing. Reliable quantitative predictions can scarcely 
be made without solving the relevant set of coupled equations. 


3.4 IONIZATION AND DETACHMENT 


Intersecting potential energy surfaces may facilitate transitions into 
the continuum making it possible for ionization and detachment to 
occur readily even in very slow encounters. The mechanisms have been 
discussed by Bates and Massey (1954). 

Suppose that at some nuclear separation R, the potential energy 
surface on which two atoms A and B approach intersects a potential 
energy surface of the complex consisting of A, B+, and a free electron 
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of zero energy (Fig. 26). If the nuclear separation is less than R, a 
radiationless transition resulting in autoionization 


A+B+A+4+Btt+e (211) 


may take place. It is apparent that the probability that the reaction path 
indicated in (211) is followed in a slow encounter may be high; thus, 


B A+B'+e 
o 
c 
o 
S 
c 
g 
o 
a 
A+B 


Nuclear separation 


Fic. 26. Collisional ionization through intersecting potential energy surfaces. 

if r,, 1s the life towards autoionization, p is the impact parameter and v 

is the velocity of relative motion (taken to be constant), the probability 
is given by 

Pryq = 1 — exp [— 2(R? — p?)?/or ya]. (212) 


This formula is not valid unless the nuclear separation remains less 
than R, for much longer than the time associated with the motion of 
the electron. 

As in the case of excitation and charge transfer, even qualitative 
predictions about a specific process are in general prevented by lack 
of information on the relevant potential energy surfaces. However, it 
may be said that the existence of suitable intersections is not favored 
by the characters and relative positions of the potential energy surfaces 
of the systems on either side of 


A+ Bt+At+t+Btte (213) 


or on either side of 
A+Bt++>A+B%*+e. (214) 


Hence the probabilities of such processes would not be expected to be 
high at low velocities. 
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Returning to (211) it should be noted that the colliding systems may 


become bound 
A+B-—>ABt+e. (215) 


This process, associative ionization, is of the same family as dissociative 


recombination 
AB+ +e>+A+4B (216) 


(cf. Chapter 7). Attempts have been made to use the principle of detailed 
balancing to determine the cross section for associative ionization from 
measurements on the cross section (or rather the rate coefficient) for 
dissociative recombination. They are unjustified since the systems on 
the left of (215) and (216) are in general in their ground states whereas 
those on the right may be in excited states (and in the case of the mole- 
cular ion may have considerable vibrational and rotational energy). 

Detachment may naturally occur by the same mechanism as ionization. 
An important difference is that associative detachment is in most 
instances possible even in thermal encounters: examples are 


H+H-—>H,+e (217) 
and 

0+0-+0, +e. (218) 
Estimates based on (212) indicate that in a favorable case the rate 
coefficient may be as high as about 10-!° cm3/sec. 

There is a subtly different mechanism for detachment. As the atom 
and negative ion approach, the affinity may decrease and at some inter- 
nuclear separation Ry may reach zero. At separations less than Ry, the 
excess electron is not bound to the system. In slow encounters a detach- 
ment cross section of order 7R2 is to be expected. 


3.5 RESONANCE EFFECTS 


In this section we shall attempt to provide answers to such questions 
as “Under what circumstances does a very close energy balance in a 
collision process lead to a cross section far exceeding the gas kinetic, 
and under what circumstances is the closeness of the energy balance 
an irrelevance as far as the cross section is concerned ?”’ Certain aspects 
of the subject have been discussed in earlier sections of this chapter.* 
Brief mention of these will be made for the sake of completeness. 

Symmetrical resonance charge transfer (179) is the most striking 
example of the association of exact energy balance with an extremely 
large cross section at low velocities of relative motion. The peculiar 


* See also Massey and Burhop (1952). 
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way in which the process takes place has already been described (§ 3.1.1). 
As will be recalled an electronic transition is not involved. Symmetrical 
resonance excitation transfer* and spin-change collisions (§3.2) are 
essentially similar. An electronic transition is also not involved in the 
case of a simple chemical reaction like 

AB+C+A+BC (219) 


or 
AB + CD-—> AC + BD. (220) 


For such reactions, however, resonance effects do not arise: the course 
of an encounter is determined by the motions of a set of interacting 
classical particles and the cross section is not critically dependent on the 
closeness of the energy balance. 

An appreciation of the position regarding processes requiring an 
electronic transition (and not proceeding through a pseudocrossing of 
potential energy surfaces) may be obtained from formula (149) of the 
distortion approximation. 

Let M be the reduced mass of the colliding systems; let E be their 
energy of relative motion and for simplicity take it to be constant; let 
¥,(R) be a matrix element of the interaction energy; and let 


Aen (R) = €p — &g + Vp A(R) — “aa(R) (221) 


where e, and e, are the atomic eigenenergies indicated. Measure M on 
the chemical scale; measure E, W,,(R), and 4e,,(R) in electron volts; 
and measure Z in atomic units of length. According to (149), the 
probability that a transition from state p to state g occurs in an encounter 
is then 
0 1/2 
Py, = | [Meo exp [= 45.8 a 


je [- Aepd(R) dz| dZ : (222) 


The value of #,, is greatly influenced by the cancellation due to the 
oscillatory exponential factor. This cancellation is severe if 


M124 8 
St Si (223) 


where Fae is the average value of 4e,,(R) in the region giving the 
main contribution to #,, and 6Z is the width of the region. It is apparent 
that the closeness of the energy balance is here of great importance. 
This is in accord with observation (cf. Mitchell and Zemansky, 1934; 
Massey, 1949). 


* The transfer cross section may be small at low velocities due to the colliding 
atoms being kept apart by repulsive forces (cf. Buckingham and Dalgarno, 1952). 


5.8 
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For an excitation transfer process 
A+B’+A’+B (224) 


in which the transitions A’ — A and B’ — B are optically allowed, 
WV ap(R) is a slowly decreasing function of R and may be considerable 
in magnitude. If «, —e«, is small*, 7, may therefore be high even 
when the impact parameter p is large. Hence, the excitation transfer 
cross section may be much greater than the gas kinetic cross section. 
In contrast, if an optically forbidden (particularly spin charge) transition 
is involved W,,(R) falls off rapidly as R is increased. Consequently, 
P yq also falls off rapidly. Even if «, — «, is zero, the excitation cross 
section cannot therefore be very much greater than the gas kinetic cross 
section; and it may indeed be smaller since for the close encounters 
which are important in such processes 4e,, may be large enough for 
(223) to be satisfied at thermal energiest (cf. Bates, 1962). 

In a collision with a molecule an excited atom may be destroyed in 
several ways other than by giving up its energy to excite the molecule 


electronically 





A’+BC+A+BC; (225) 
thus, it may take part in atom-atom interchange 
A’ +BC—+B+AC (226) 
or it may excite the molecule vibrationally 
A’+BC—+A + BC*. (227) 


The closeness of the energy balance is of critical importance for (225) 
as for (224) but, as will be seen, it matters little for (226) and (227). 

Clearly (226) is simply a chemical reaction like (219) so that the remarks 
on page 616 apply. As an example of the class, mention may be made of 
the quenching of the resonance radiation of cadmium by molecular 
hydrogen which occurs through 


Cd(@P,) + H, > CdH +H (228) 


with a cross section of 2.1 x 10-!®cm? (Lipson and Mitchell, 1935). 
Electronically excited molecules also may be destroyed by atom-atom 


interchange 
AC’ +B—>A4+4BC. (229) 


* The resonance is extremely sharp. 
tT In the case of symmetrical resonance Leng is of course zero. 
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It has been suggested that such destruction is important in connection 
with the nightglow (Bates, 1955). 

Certain processes of type (227) are known to be very effective; thus, 
the cross section for 


Na(?P) + H, > Na(2S) + H* (230) 


is as great as 2.3 x 10-4 cm? (Norrish and Smith, 1940). This might 
at first seem surprising since it is difficult to convert electronic energy 
directly into vibrational energy. The explanation is that the potential 
energy hypersurface associated with the systems on the left and also 
that associated with the systems on the right have quasi-crossings with 
a third potential energy hypersurface via which the process proceeds 
(Magee and Ri, 1941; Laidler, 1942). The mechanism can, perhaps, 
be most easily understood by considering the three potential energy 
surfaces involved in the analogous but simpler process 


H(3s, 3p, or 32) + H(1s) > [H- + H+] > H(2s or 2p) + H(1s) (231) 


in which electronic energy is converted into translational energy (Bates 
and Lewis, 1955). 
The position regarding charge transfer 


A+Bt—+>At+B (232) 


is rather similar to that for excitation transfer in the optically forbidden 
case. However, account must be taken of the long-range attraction 
between the neutral atom and the positive ion which not only increases 
the number of close encounters but increases the energy of relative 
motion in such encounters. A useful formula for the rate coefficient x, 
describing close encounters (all of which do not of course lead to charge 
transfer) is 

ky = 2.3 X 10%a/M)¥/2 cm/sec (233) 


where « is the polarizability of the neutral atom in cgs units and M is 
the reduced mass on the chemical scale (Gioumousis and Stevenson, 
1958). 

If a pseudocrossing of the potential energy surfaces exists, 4e,, iS 
there a minimum. At low velocities of relative motion the transitions 
occur mainly near the pseudocrossing (§ 3.1.3). Formula (222) is 
useless here since it does not take into account the effect of the back- 
coupling which is very pronounced. Guidance may be obtained from 
the Landau-Zener formula (207) provided its limitations are borne in 
mind. In the important cases (208) and (209) of exothermic recombina- 
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tion between a positive ion A+ and a negative ion B~ and of exothermic 
electron capture from an atom A by an ion B+) of multiple charge, 
the nuclear separation at the pseudocrossing is given approximately by 


o = I, ionic recombination 


R, = 27/o(e, — €q) o = n — 1, electron capture 


where R, is in atomic units and (e, — e,) is in electron volts. If (e, — €,) 


is small, R, is clearly very large. The matrix element W,,(R,) is then 


minute and hence so also is the probability #,, of recombination or 
capture. The greatest collision cross sections arise not when the energy 
balance is exact, but when an energy of a few electron volts is liberated 
(cf. Bates and Massey, 1954). 
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Except at high energies where bremsstrahlung is the dominant 
energy loss process, electrons passing through a material lose energy 
almost entirely through excitation and ionization of the material par- 
ticles. When the velocity of the electrons is reduced to the point at 
which excitation and ionization are no longer energetically possible, the 
slowing down continues through the transfer of momentum in elastic 
collisions until thermal equilibrium with the material is attained. For 
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heavy charged particles passing through a material, the behavior is 
more complicated in that the incident particles may also be excited and 
ionized and they may capture electrons from the atoms of the material. 
However, for heavy particles bremsstrahlung is never an important loss 
mechanism. 


1 Energy Loss of Charged Particles 


Experimental data (Whaling, 1958) on the energy loss of charged particles 
are conveniently analyzed within the framework of an approximate 
theoretical treatment due to Bethe (1930), which is valid at high energies 
where electron capture may be ignored. 


1.1 Brtue’s THEORY FOR Heavy PARTICLES 


Suppose that the ground state of a neutral atom of mass M and 
charge Z is described by a wave function y¥,(r), r denoting collectively 
the position vectors r,; of the atomic electrons. Then the differential 
cross section for excitation to a state described by a wave function ¢((r) 
by the impact of a structureless particle of charge Z’, mass M’, and 
velocity v is given by the Born approximation (Mott and Massey, 1949) as 


8 i d 
TAQ) 4g = Gage 2M |X (1) 





where .@ is the reduced mass of the colliding particles defined by 
M = (MM")(M + M’), (2) 


q is the difference between the initial relative momentum k and the 
final relative momentum k,, and X, is the matrix element 


Zz 
X, = J (do exp (ig * 11) 4). (3) 
t=1 
The total excitation cross section is given by 
Imax 
Q.= { 1g) ag (4) 
@min 


Where gmax is the maximum value of the momentum change and gmin 
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is the minimum value. If E, and E, are the energies of the ground and 
excited states, respectively, 


2M 
RP — ki = oe (E; —_ E) (5) 


and for fast collisions we may use the approximation 


AM 
Ri? 





qmin = k— k, ia (E, —_ E)). (6) 


The value of qmax is determined from the conservation of momentum 
in the collision of a heavy particle of mass .@ and an atomic electron 
of mass m and is therefore given by 


2k 2km , 
Gmax ~A (7) 


The efficiency of the transition in causing a loss of kinetic energy E 
of the heavy particle may be described by a stopping cross section 


(E, — Ey) Q. = [7 (Ey — By) LA) ag (8) 


@min 


and the energy loss in passing through unit distance in a gas of number 
density ” cm-%, the stopping power, is given by 


~-B = n8(E,— &)9, 0) 


where the summation S, includes an integration over the continuum 
and so allows for energy loss through ionization. 
Bethe introduces a generalized oscillator strength 


2 
FAQ) = Gp (Ex — Ba) | Xe (10) 


and proves the sum rule 
SFq) = Z. (11) 


In terms of F,(q), (9) may be written 





12 p4 ane 
dE ne e S, y FAQ) ay, (12) 


2 
dx mv amin 7 
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The integral is now separated into two contributions at g = gy where 


2M | Ey | 
ga (13) 





the two contributions to the energy loss corresponding roughly to 
small and large momentum changes. The energy loss — dE’’/dx arising 
from large momentum changes follows immediately from (12) and (11) 
in the form 


_ aE _ Mee 
dx 








Zn (2km|.Mqo); (14) 


but because gmin depends upon the index ?t, a further approximation 
is needed to deal with the energy loss — dE’/dx arising from small 
momentum changes. If exp (iq: r;) is expanded in powers of g and 
only the first nonvanishing term is retained, F,(q) becomes equal to the 
optical oscillator strength 


2m 
ii = Fe (Et — 0) 





> Wo» Zab) | (15) 


which satisfy the Thomas-Kuhn sum rule 


Sif, = Z. (16) 
Then from (12) and (6), 
dE’ 4nZ'*e4 Rh? In(£, — E 
— En MEE 7 Ny Mie 5, PEK Fd) a 


On adding the two contributions, it follows that 


dE 4nZ'e4 2mv 





= n eo In 7 (18) 

where J is an average excitation energy defined by 

S, fin (E, — Ey) 
ny = ee 19 
. Sif. (19) 
Equation (18) is frequently written in the form 
12 

_ aE _ Ande y gs 


dx mv? 
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where 
2mv2 


B=Zin (21) 
is a dimensionless quantity called the stopping number. 

It follows from (18) that the stopping power should depend on the 
velocity of the incident particle but not on its mass. This conclusion, 
which is also obtained in more accurate theoretical treatments, is 
supported by many experiments (cf. Phillips, 1953; Brolley and Ribe, 
1955). It also follows from (18) that — (1/Z’*) (dE/dx) should be 
independent of the charge of the incident particle. This conclusion is a 
consequence of the Born approximation and is not expected to hold at 
low energies, even if it were permissible to ignore the effect of capture 
and loss processes (§ 1.9). 


1.2 THE STopPpiInc PowER oF ATOMIC HYDROGEN 


An indication of the accuracy of Bethe’s theory can be obtained for 
the case of the stopping power of atomic hydrogen arising from excitation 
and ionization by proton impact, which has also been computed using 
the Born approximation for the cross sections but with no additional 
approximation (Dalgarno and Griffing, 1955). A comparison is effected 
in Fig. 1, (18) being computed with a value of 15.0 ev for J (Walske, 


2 Bethe 


@ 


(ev x10! cm2) 


Sh 


“1 gE 
n dx 


- Wiican: 


10 15 20 25 30 35 


logig E (kev) 


Fic. 1. The Born approximation and the Bethe approximation for the stopping powet 
of atomic hydrogen towards a beam of protons, taking account of excitation and ionizaton 
only, 
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1952). The Bethe theory consistently overestimates the stopping power 
(because it includes transitions to states which are not energetically 
accessible), but the error does not become serious until the impact 
energy is reduced to below 100 kev and is there less than that caused 
by ignoring capture and loss processes. For heavier elements the error 
will be larger and it is necessary to introduce corrections. 


1.3 THE Stoppinc Power or HELIUM 


The only gas for which J has been calculated directly and for which 
experimental data exist is helium, the value obtained for J being 41.5 ev 
(Dalgarno and Lynn, 1957).t The predictions of (18) are compared in 
Fig. 2 with the measurements of Phillips (1953), Reynolds et al. (1953), 


8 


bh 


(ev x10 'Scm2) 


oe 
dx 


it 
n 


0) ie eee 


15 20 25 30 35 40 45 


logig E (kev) 


Fic. 2. The stopping power of helium towards a beam of protons computed using 
the Bethe approximation. The + points are the experimental measurements. 


Weyl (1953), and Brolley and Ribe (1955), the incident particles being 
Protons, deutrons, or tritons. The agreement is satisfactory and it is 
Probable that much of the discrepancy at lower energies would be 
Temoved by using the Born approximation in place of the Bethe formula.§ 


t Dalgarno and Lynn actually give I = 40.2 ev. The value given here is the result 
of a similar but improved calculation. 
; § Because of the approximate atomic functions used, the Born approximation calcula- 
tions of Erskine (1954) (suitably scaled) do not give a reliable indication. 
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1.4 INNER SHELL CORRECTIONS 


Born’s approximation is satisfactory for incident velocities v such that 


Z'e 
Fo <1 (22) 





but Bethe’s approximation requires in addition that 


M 
E> 


— E; (23) 





where E; is the ionization potential of the atomic electrons. This latter 
condition is a serious restriction on the use of (18), the ionization 
potentials of the inner K-shell electrons being several hundred electron 
volts even for light elements. 

Provided the charge of the incident particle Z’ is small compared to 
the nuclear charge Z of the atom, so that distortion of the wave functions 
of the atomic electrons is small, the Born approximation gives a satis- 
factory description of the excitation and ionization of the inner shell 
electrons by heavy particles with velocities much lower than that of the 
atomic electrons. The severity of the restriction (23) may be lessened 
by using the Born approximation for the inner shell electrons, which 
can be adequately represented by hydrogenic wave functions, and 
retaining (18) for the outer shell electrons. 

The stopping number can be written 





2mv? 
B= Zin —Ze (24) 
where C, is the correction for the ith shell. The binding corrections 
have been computed for the K-shell electrons (Brown, 1950; Walske, 
1952) and for the L-shell electrons (Walske, 1956) and there is general 
agreement with experimental data (cf. Brandt, 1958). 


1.5 VALUES OF THE AVERAGE EXCITATION POTENTIAL 


The average excitation potential J has been calculated directly only 
for atomic hydrogen and helium and it must in general be determined 
from experimental data.t Some representative values (cf. Sternheimer, 


1959) are listed in Table I. 


t An indirect method of calculating J has been suggested by Dalgarno (1960). 
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TABLE I 
VALUES OF AVERAGE EXCITATION ENERGY I (EV) 


Be Cc Al Cu Pb Air 
64 78 166 371 1070 94 





By using statistical models of the atom, Bloch (1933) and Lindhard 
and Scharff (1953) have shown that 


I~ KZ (25) 


and the experimental data suggest that the Bloch constant K 1s about 
13 ev. 


1.6 Tue Stoppinc NuMBERS OF COMPOUNDS 


Measurements by Reynolds e¢ al. (1953) for a number of substances 
show that for proton energies above 150 key, the stopping number of a 
compound XY is equal, to within the experimental error of 2%, to 
the sum of the stopping numbers of the individual atoms X and Y, 


B(XY) = B(X) + B(Y), (26) 


except for nitric oxide, B(NO) being about 4% greater than 3 {B(N,) 
+ B(O,)}. Slight deviations of this order are to be expected for com- 
pounds containing C, N, O, and F (Platzmann, 1952). For energies 
below 150 kev, the additive rule (26) breaks down. 


1.7 RELATIVISTIC EFFECTS 


For relativistic velocities of the incident heavy particle, the stopping 
number must be modified to the form 


B= Zin —In(1 —B) — BH ~ DC, (27) 


where B = v/c (Moller, 1932; Bethe, 1938). Thus, at velocities close 
to the velocity of light, the energy loss increases with increasing energy. 
The increase is partly due to the increase in the maximum energy that 
can be transferred to the atomic electrons and partly due to the Lorentz 
contraction of the Coulomb field of the heavy particle which increases 
the efficiency of energy transfer in distant collisions. A similar effect 
Occurs in the classical theory (Bohr, 1915). The increase is limited by 
the density effect. 
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1.8 THe Density EFFECT 


At high velocities, it is no longer possible to regard the atoms of the 
material as isolated. There is a decrease in the effective interaction 
between the incident particles and the material due to the polarization 
of the material. A general discussion has been given by A. Bohr (1948) 
and many explicit calculations have been made (cf. Sternheimer, 1956). 


1.9 CapTuRE AND Loss 


As the incident particles are slowed down to velocities of the same 
order as those of the atomic electrons, the charge Z’ is altered by the 
increasing efficiency of electron capture and formula (35) becomes 
invalid. A semiclassical theory has been developed by Bell (1953), 
extending earlier work by N. Bohr (1948), which appears to be successful 
in predicting the average charge Z’err of fission fragments. It is then 
assumed that the associated energy loss may be obtained by replacing 
Z' by Z ett. 

A detailed discussion of the energy loss for protons moving in a gas 
of atomic hydrogen has been given by Dalgarno and Griffing (1955), 
using collision cross sections obtained with the Born approximation. 
The incident protons capture electrons to form neutral atoms according 
to the process 


H+ +H) H,+ H+ (28) 
t 


where the subscript ¢ denotes the ¢th excited state. The neutral atoms 
may be transformed back into protons by the loss process 


H+H->H++e+S,H,. (29) 
Under the usual experimental conditions, an equilibrium between the 
charged and neutral components of the beam is rapidly attained such 


that the number of captures per second equals the number of losses. 
The fractional charged content of the beam is given by 


f(H*) = (1 + ¢)* (30) 
and the neutral content by 
f(H) = (1-404) Gl) 


where o is the ratio of the total capture cross section to the total loss 
cross section. The computed values are given in Table II. 
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The energy loss associated with capture consists of the excitation 
energy and the energy required for the transfer of the electron from 
its parent nucleus to the capturing proton. The energy loss produced 
by the neutral component of the beam arises not only from excitation 
and ionization of the gas but also from excitation and ionization of the 
beam particle. Double processes of the kind 
H+H +Ht++e+H 
must be included. . een 2) 

The detailed contributions to stopping power of the various processes 
are listed in Table II. At the lower energies the major loss for protons 
is associated with the transfer of electron momentum during capture. 
At high energies only ionization and excitation are important, ionization 
being about 3 times as effective as excitation. For neutral atom impact, 
single ionization is the most important process at all energies and only 
at low energies does excitation make an effective contribution. At 
energies greater than about 150 kev the neutral component of the beam 
is negligible and all the energy loss occurs through proton impacts, 
while at energies below 45 kev most of the loss is due to neutral atom 
impacts. 


1.10 Nuclear SCATTERING LOSSES 


In the slowing down of fission fragments near the end of their path, 
an important contribution comes from elastic collisions with the nuclei 
of the stopping material. It is given by 


1 dE 4ne* ( Mv% 

~ ade Mee 2"2*9 (Ze) 

( A. Bohr, 1948) where pis the impact parameter beyond which the energy 

loss is zero due to the screening of the nucleus by the atomic electrons. 

To (33), there should be added a small amount due to energy loss in 

ordinary gas kinetic collisions, but this has a negligible effect on the 
range. 








(33) 


2 Range of Charged Particles 


The mean distance through which a particle initially with energy E 


travels in a material before it is stopped is related to the stopping power by 
7 dE M m_ fp? vd 

= — —) = —- ——_ |] =~ 4 

me) } é ae ( dx Z? Anetn J, Biv)” a 


The extensive data have been summarized recently by Whaling (1958). 
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2.1 RELATIONSHIPS BETWEEN RANGES OF DIFFERENT PARTICLES 


The mean distance through which a particle of mass M’ and charge Z’ 
travels in decreasing its velocity from v, to v, is given by 


R(0y) — Ros) = or {f (0) — F(09)} (35) 


where the function f(v) is independent of the mass and charge, provided 
v, is not so small that charge neutralization is significant. A range- 
energy relationship for «-particles can therefore be obtained from that 
for protons, 





Ma Zi? 
Rue) = ag" (Ze) Rie) 6 (36) 
in an obvious notation, c being a small constant which takes account 
of the effect of capture and loss at low energies and which must, in 
general, be determined experimentally. For air at 15°C and 760 mm Hg, 
Bethe and Ashkin (1953) give 


Ry(v) = 1.007R,(v) — 0.20 cm. (37) 


Capture and loss are the same for all isotopes so that for them the constant 
c vanishes. In particular, the range of a u-meson with a mass 210m is 


R,(E) = 0.114Rp(8.82). (38) 


A typical range-energy relationship is illustrated in Fig. 3. It refers 
to the passage of protons in molecular nitrogen (Whaling, 1958). 


2.2 STRAGGLING 


Because the energy loss does not occur continuously but consists of 
a large number of discrete processes, the ranges of the particles of an 
initially monoenergetic group will be distributed about the mean range. 
Similarly, the energies lost in traveling the same path length will be 
distributed about a mean energy loss. These fluctuation effects are 
termed “straggling.” 

The mean-square fluctuation of the energy of the particles after 
traveling a path length X is 


x 
[(*)av — (Eav)'x =n | dx S(E, — By)? 1 (39) 


which may be evaluated using the Bethe theory as in § 1.1 (Livingston 
and Bethe, 1937). 
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range (cm) 
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Fic. 3. The range-energy relation for protons moving through molecular nitrogen 
at 15°C and 760 mm Hg. 


Similarly, the mean-square fluctuation of the distance traveled by 
particles which have lost the energy E is given by 


dE \-° 

=) | Ow) 
which may be evaluated after substitution of (39). Integrating (40) 
from the initial energy E, to zero gives the mean-square fluctuation 
of the particle range 


(R — Ro)av = [(R?)av — Ro] 


- Eo SAE; = 0) Ox 
=n] > (déydeye ” 





d 2 2} = d 2 2 
“ae UX av — (Xav)'] = Gye [(Eiv) — Env ( 


These formulae are in satisfactory agreement with observations (Bloem- 
bergen and Van Heerden, 1951; Mather and Segre, 1951) apart from 
some deviations due probably to multiple scattering (Bichsel, 1960) 
which contributes to the experimental range. 
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Formula (41) takes account only of losses due to excitation and 
ionization. For fission products, the nuclear scattering loss is more 
important near the end of their range and it causes a large straggling 
amounting to about 10% of the range (N. Bohr, 1948). 


3 Ionization by Charged Particles 


The ionization produced by a heavy charged particle consists of the 
primary ionization produced by direct ionization by heavy particle 
impact and the secondary ionization produced by the impact of the 
electrons ejected during the primary ionization. At low energies the 
secondary ionization is negligible, but at high energies it may be as 
large as the primary ionization. 


3.1 Mean Enercy Per Ion Pair 


It is convenient to characterize the ionization produced by the mean 


energy per ton pair 
W = E/J(E) (42) 


where J(£) is the total number of ion pairs produced by the absorption 
of the heavy particle in the material. For a large number of substances, 
the remarkable fact is observed that W is nearly constant over a wide 
range of energies. The production of ions per centimeter path is then 


obtained very easily as 
_ _ GE W (43) 
dala | 


and the shape of the curve of ionization as a function of residual range 
(the Bragg curve) is the same as the shape of the curve of energy loss. 
This has useful experimental applications (cf. Bethe and Ashkin, 1953). 

There is no general theoretical explanation of the near-constancy of 
W, but Fano (1946) has given a qualitative explanation. Fano considers 
the total energy available for ionization, which may be possessed by 
the heavy particle or by the secondary electrons. In a collision in which 
the atom is excited this available energy is reduced by the excitation 
energy We. In a collision in which the atom is ionized and the kinetic 
energy of the ejected electron is insufficient to cause further ionization, 
the ionization energy W, is lost from the available energy. If the kinetic 
energy is sufficient to cause further ionization, only the energy equal 
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to the ionization potential W; is lost. The average amount of energy 
spent per ion produced is then 


= QOeWe +Qi1W; + OW, 
QO:1+Q; 


where the Q’s are the corresponding cross sections. The ratios of the 
cross sections are insensitive to energy and w should therefore be 
nearly constant. 

A detailed analysis has been presented by Dalgarno and Griffing 
(1958) for protons in atomic hydrogen. They calculate not W but 


(44) 





w(E) = 1/(4J/aE) (45) 
which is related to W by 

1 d E \ 

o 7 ae Gr). #8) 


If either is constant, w = W. 
The results are shown in Fig. 4. There is a spread of only 2.5 ev 
about a mean of 36ev for energies increasing from 10 kev to over 


100 

75 

3 50 

San 
25 
ie) 
10 15 20 25 30 35 
logig E (kev) 


Fic. 4. The mean specific energy per ion pair for a proton beam, a neutral hydrogen 
beam, and an H+-H beam in charge equilibrium moving through atomic hydrogen. 
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1 Mev. Of particular interest is the fact that the progressive neutraliza- 
tion of the beam through capture and loss processes extends considerably 
the range of energy over which w is nearly constant. 

A similar near-constancy of w has been found by Erskine (1954) 
for a-particles from 1 to 6 Mev in helium, capture and loss effects 
being unimportant. Erskine calculated that w varies by less than 1.5% 
about a mean of 40.9 ev. 

Exceptious to the general constancy of w are to be expected, but the 
experimental data are not definitive. There are indications that w 
(and W) eventually increase as the energy decreases (cf. Valentine and 
Curran, 1958) as indeed, must happen, since the fraction of energy 
expended on excitation and on momentum transfer in elastic collisions 
must increase as the ionization threshold is approached. 

A list of values of W measured for several gases is given in Table III. 
They range from 22 ev for Xe to 46 ev for He. 


TABLE III 
VALUES OF THE MEAN SPECIFIC ENERGY PER ION PaIR 


Gas He Ne Ar Kr Xe H, N, O, Air 





(ev) 46 37 26 24 22 36 37 33 36 


3.2 FLUCTUATIONS OF IONIZATION 


For a given incident energy EF, the number of ions produced will 
fluctuate about a mean. The theoretical development is similar to that 
for range straggling (Fano, 1947). 


4 Energy Loss of Electrons 


For high-energy electrons, the energy loss through excitation and 
ionization can be analyzed using the Bethe theory of § 1.1 with some 
slight modifications. We shall ignore loss through bremsstrahlung except 
to remark that the ratio of radiative loss to collision loss is approximately 


(dE/ds)ma _ EZ 
(dE/dx)con 800 


(Bethe and Heitler, 1934), where E is measured in Mev. 


(47) 
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4.1 Betue’s THEORY FOR ELECTRONS 


From (7), the maximum value of the momentum change for electron 
impact is k so that (18) is replaced by 


2 
vias (48) 





which differs from (18) by a factor of 2 in the logarithm. A further 
modification is necessary because of the indistinguishability of the two 
electrons in an ionizing collision. Bethe (1930) defines the electron with 
higher energy as the primary electron so that the maximum energy 
loss in any collision is 4mv? not }$mv*. On using now the formula of 


Mott (1930), Bethe obtains 





4 2 ime 
_ aE ain Zin ff: 


dx mv2 21 (49) 


The difference between (18) and (49) consists of a small factor in the 
logarithm and protons and electrons of the same (nonrelativistic) velocity 
lose energy at much the same rate. 


4.2 RELATIVISTIC EFFECTS 


For the relativistic stopping power, Bethe (1933) obtains 


dE ___ dre mvE —> 5 
Te" ot Z In>pq — BH ~ (2 V1—-B —1+?)In2 


+1-#+4(—vI—BP 





(50) 


where E is the total energy of the electron minus the rest energy. When 
B is small, (50) goes over into (49). The relativistic increase has been 
observed in many experiments (cf. Birkhoff, 1958). 


4.3. Density EFFECT 


The density effect noted in § 1.8 is more easily observed for electrons 
since it depends on the particle velocity. The predicted size of the 
effect for molecular hydrogen at l-atm pressure is illustrated in Fig. 5, 
which shows also the relativistic increase. 
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There is an interesting connection between the density effect and 
Cerenkov radiation, which has been discussed by Budini (1953). 


Mev/g cm 2 


- gE 
ox 





fe) | 2 3 4 


In E (Mev) 


Fic. 5. Energy loss of electrons in molecular hydrogen at 15°C and 760 mm Hg. 
The dotted curve is obtained when the density effect is neglected. 


5 Range of Electrons 


Because of the small mass of the electron, the number of scattering 
processes associated with a given energy loss is much larger than that 
for a heavy particle of the same energy. Electrons will follow different 
paths in passing through a gas and the range is not a useful parameter. 


5.1 THE PROBABLE ENERGY Loss 


The straggling of the energy loss is increased over that associated 
with multiple scattering by the possibility that the energy loss in a single 
collision may be a large fraction of the energy of the incident electron. 
The theory of the straggling of electrons has been developed by Landau 
(1944) and Blunck and Leisegang (1950) who show that the most 
probable rate of energy loss is given by 


a dE nome 4ane*xZ 
dx on mv Ful — B") 


which is, in general, less than the average energy loss. 


a5 2 In ara | - +0.371 (51) 
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The full width of the straggling distribution at half-maximum height 


is about 
Srre4*xZ 


mv? 


T=n 





(52) 


so that the straggling amounts to about 25% of the most probable 
energy loss. 

These calculations refer to the energy loss along the path of the 
particle, but do not predict the path of the particle. 


5.2 MULTIPLE SCATTERING 


The distribution of path length and the average increase in path 
length has been discussed by Yang (1951). It cannot be observed directly 
and further calculation is necessary to determine its effect on the stragg- 
ling distribution. ‘The mathematical description is complicated. The 
most refined treatment appears to be that of Spenser (1955) who gives 
curves showing the distribution of energy deposition for electrons of 
various energies. However, the theory does not take proper account of 
the secondary electrons. 


6 Ionization by Electrons 


Just as for heavy particles, it seems that the mean energy per ion pair 
produced by the absorption of an electron beam is a constant over a 
large energy range and for a large number of substances (cf. Valentine 
and Curran, 1958). The values of W are not greatly different from those 
for heavy particles (‘Table III). 

As the energy decreases, w will eventually increase rapidly. In Fig. 6, 
the calculations of Dalgarno and Griffing (1958) for atomic hydrogen 
are reproduced, the increase in w setting in at an impact energy of 
60 ev. Dalgarno and Griffing calculate w by solving numerically the 
integral equation for the number of ion pairs 


Os J(E) = Qe(E) + 2 QE) J(E — Ey + E,) 


E-E, 
at i)  QelBse) WE «— Be) + H()}de (53) 


where Q,(E, «) is the cross section for the ejection of an electron with 


15. RANGE AND ENERGY LOSS 641 
energy €, Qc is the total ionization cross section, and Ey is the ionization 
potential (Knipp et al/., 1953; Erskine, 1954). A similar calculation has 
been performed by Erskine (1954) for helium. 
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Fic. 6. The mean specific energy w per ion pair and the average energy W per ion 
pair for electrons in atomic hydrogen. 
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Introduction 


The phenomenon of diffusion is the transfer of mass from one region 
of space to another that occurs because of a gradient in the concentra- 
tion of the material. The diffusive flow is in the direction opposite to 
that of the gradient and the flux is proportional to the magnitude of the 
gradient. 
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Thus if j is the particle flux and x the particle concentration, 
j= — Dgradn (1) 


where @ is a constant called the diffusion coefficient. 

A different phenomenon occurs if some of the particles of a gas are 
charged and a small electric field is applied. The charged particles 
acquire a drift velocity vz which is proportional to the magnitude E 
of the electric field. Thus 


Vg=KXHE (2) 


where % is a constant called the ionic mobility. 
There is a close similarity between the mathematical descriptions of 
the two phenomena and @ and ¥ are related according to 


H = eDlkT (3) 


where T is the gas temperature. If D is measured in cm? sec! and 
H in cm? volt—} sec}, (3) is 


H =1AT x 104 QIT. (4) 


1 Diffusion 


1.1 THe DirFrusiIon COEFFICIENT 


The kinetic theory of spherically symmetric (monatomic) gases has 
been developed rigorously by Enskog and Chapman (cf. Chapman and 
Cowling, 1939). For the diffusion coefficient in a binary mixture of 
gases consisting of particles of mass M, and concentration m, and of 
particles of mass M, and concentration m,, it yields the formula 





3 aakT\1? Lt+ey 5 
16(m, + 72) ( be 04 (9) 


where pu is the reduced mass M,M,/(M, + M,), €o is a small correction 
factor, and Q, is an averaged diffusion (or momentum transfer) cross 
section 


Oe = 4] Qs) exp (— 2) de, (6 
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x being related to the energy & of relative motion of the two particles by 


Ce 
w= oe = EpOyRT (7) 
and wv being the relative velocity. 


If Q, is independent of x,Q, = Qq, and Q is proportional to (T/u)*/2, 
a result which is also obtained by simple mean free path considerations 
(cf. Hirschfelder et al., 1954). 


1.2 THe DirFrusion Cross SECTION 
The diffusion cross section is given by 
O, =e [1 (1 — cos 8) sin 0 dé (8) 
0 
where J(8) is the differential cross section for elastic scattering through 
an angle 6 (Mott and Massey, 1949) by the interaction potential V(R) 
between the two particles, R being their separation. According to the 


quantal theory of elastic scattering (Chapter 9, § 1.3), the differential 
cross section is given by 


1(8) = 





oO 2 
> (22 + 1) em sin m,P, (cos 8) | (9) 
1=0 


where k = pv/h and the phase shifts 7, are such that the regular solution 
of 





behaves asymptotically as 
$, ~ k1 sin (kr — $ lm + 0). (11) 


It follows after substituting (9) into (8) that 
47 2 , 
Oe = ae QU + Vsin® (ns — to) (12) 
Except at very low temperatures, Jeffreys’ formula 


ae us mV d+? py +I? 
m ea o dR Jet “| aR, (13) 
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the lower limits being the outermost zeros of the integrands, provides 
an adequate approximation to the phase shifts. On introducing the 
impact parameter p defined by 


p=vii+ Da, (14) 


(13) may be written 
= co V p? 1/2 00 _ p 1/2 
no) = kf ee aR—kY Fi dR. (15) 
In the case of collisions between heavy particles, the number of phase 
shifts contributing to (12) is very large and we may replace the summa- 


tion over / by an integration over p. Consistent with this replacement, 


eee Sh 


mT = ap (16) 

so that (12) becomes 
Oe = 4m fp cost a(p) dp (17) 

0 
where 
a(p) = | dR/RO(R) (18) 
R? R® V(R) )? 

@(R) = Sr eae as (19) 


Formula (17) is just that obtained from a classical description of the 
scattering and a quantal description is required only in those cases 
where more than one possible interaction potential occurs (§ 1.9). The 
success of the classical theory stems from the factor of 1 — cos @ in 
the integrand of (8) which suppresses the contribution from the scattering 
at small angles. 


1.3 TEMPERATURE DEPENDENCE OF 9 


The variation of Z with temperature depends upon the explicit form 
of the interaction potential. For a rigid sphere model, the diffusion 
coefficient at constant density is proportional to T1/? and the diffusion 
coefficient at constant pressure is proportional to T?/2. For more realistic 
models, it will vary rather more rapidly. Thus, for a potential directly 
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proportional to R~”, simple dimensional considerations show that Q, 
varies as &-?/" and Q@ at constant density as T?/" 4/T. 

At low temperatures, the scattering is dominated by the long-range 
interaction which for atoms in their ground states falls off as R-*. The 
diffusion coefficient at constant density therefore varies as T*/® at low 
temperatures (but not so low that quantum effects are important). At 
high temperatures, the scattering is dominated by the short-range 
interaction which for many systems varies roughly as R-!2. The diffusion 
coefficient at constant density therefore increases roughly as T?/> at 
high temperatures. For the diffusion in a He-N, mixture, for example, 


Walker and Westenberg (1958) find experimentally that Z varies as 
[0-691 


1.4 CALCULATIONS OF D 


Extensive calculations of Q have been carried out based on the 
Lennard-Jones potential 


V(R) = 4c 





Cz) - Ce) (20) 


(Kihara and Kotani, 1943; de Boer and van Kranendonk, 1948; 
Hirschfelder et al., 1948, 1949; Rowlinson, 1949) and on the modified 
Buckingham potential 


V(R) = 5 ie exp [o(1 — R/o)] — (+) (21) 


(Mason, 1954) for a wide range of the parameters ¢, o, and «. The forms 
adopted are useful representations of the interactions between atoms in 
their ground states. 

The parameters may be chosen either from theoretical considerations 
or so that the available experimental data on equilibrium properties 
and transport phenomena (frequently viscosity data) are reproduced as 
closely as possible. The calculations then yield values of ZG (and of 
other transport coefficients) for a range of physical conditions more 
extensive than those obtaining in the measurements. 


The diffusion coefficient in an argon-helium mixture: From viscosity 
data on pure helium and pure argon, the values of the parameters « 
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and o in (20) may be obtained. Then using the combination rules 


on = aCe + 93;) (22) 
€5 = (€ss€ss)"/ - (23) 


in an obvious notation, Hirschfelder et al. (1954) find that for a helium- 
argon mixture, o = 3.059 A and ¢« = 21.3k°K. The corresponding 
value of D at a temperature of 273°K and a pressure of 760 mm Hg 
is 0.653 cm? sec"! compared with the measured value of 0.641 cm? 
sec-!, A more extended comparison has been given by Weissman et al. 
(1960). 

The range of separations R which effectively control the values of 
the transport coefficients depends on the temperature, higher tempera- 
tures involving smaller separations. The accuracy of the theoretical 
predictions may be much reduced if the temperatures at which predic- 
tions are made are significantly different from those of the measure- 
ments from which the interaction potential is derived. This limitation 
may be overcome by using an increased number of experimental data 
and more flexible representations of V(R) for their analysis (Buckingham, 


1961). 


1.5 THE CoRRECTION FACTOR FOR G 


Formulae for ¢€9, the correction factor in (5), have been given by 
Chapman and Cowling (1939) and by Kihara (1953). They involve 
collision integrals similar to 0g and may be evaluated straightforwardly 
once the interaction potential has been selected. The correction factor 
depends slightly on the relative concentrations of the (inter)-diffusing 
particles. 

Mason (1957) has prepared tables of ¢) corresponding to the modified 
Buckingham potential. He shows that in practical circumstances €9 
never exceeds 0.05 and is usually much less. 

The experimental values tend to be somewhat larger than the predicted 
values (Nettley, 1954). 


1.6 DIFFUSION IN MIXTURES 


Hirschfelder et al. (1954) have given a formula for the diffusion in 4 
multicomponent gas which can be evaluated without difficulty when 
all the possible interaction potentials have been specified. As yet, little 
application of it has been made. 
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In the case when the concentration of one of the components is very 
small compared with those of the others, the formula simplifies and 
the diffusion coefficient of the rare component is given by 


Dp = Dh Di (24) 


where f, is the fraction of the 7th particles and G,, is the binary diffusion 
coefficient for the z — j mixture. 


1.7 EXPERIMENTAL DATA 


The available experimental data have been reviewed by Hirschfelder 
et al. (1954) and by Westenberg (1957). Subsequent measurements 
have been carried out by Walker and Westenberg (1958, 1959, 1960), 
Amdur and Schatzki (1957), Srivastava and Srivastava (1959), Srivastava 
and Barua (1959), Walker et al. (1960), Wise (1960) and others. Binary 
diffusion coefficients have been measured for mixtures of most 
of the common laboratory gases using the Loschmidt or the Stefan 
technique (cf. Jost, 1952) at and below room temperature and the point 
source technique (Walker and Westenberg, 1958) at higher tempera- 
tures. Wise and Ablow (1958) have suggested a method for measuring 
the diffusion coefficients of labile species. 

A representative sample of the data is presented in Table I. 


TABLE I 


Binary DIFFUSION COEFFICIENTS AT 300°K aND 760 mm Ho 





Mixture @ (cm? sec™?) 
CO,-N; 0.17 
He-N, 0.74 
He-Ar 0.76 
Ne-Ar 0.33 
Ne-Kr 0.26 
Ar-Kr 0.14 


1.8 Duirrusion CoeFFICIENTS OF ExcITED ATOMS 


The calculation of the diffusion coefficients of excited atoms is 
complicated by a possible multiplicity of potential energies of approach. 
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Provided there are no symmetry effects (§ 1.9), (5) is still valid with the 
modification that the cross section Q, must be replaced by a weighted 
mean of cross sections, each associated with one of the interaction 
potentials (Mason et al., 1959). A more serious difficulty is introduced 
by the possibility that many of the collisions may be nonadiabatic. 
This aspect has received little attention. 

Despite the lack of detailed calculations, it is clear on general grounds 
that the interaction potentials will usually be large in magnitude and 
with long ranges with the consequence that the values of D will be 
smaller (and may be much smaller) than those for atoms in ground states. 
Thus, Phelps (1959) finds that Y for metastable °P neon atoms in 
helium is 0.82 cm? sec! at 300°K and 760 mm Hg compared with the 
value of 1.06 cm? sec~} for ordinary neon in helium (Srivastava and 
Barua, 1959). 


1.9 Symmetry EFFECTS 


The classical description fails for the diffusion of atoms through a 
gas of similar atoms when more than one interaction potential occurs. 
This situation always arises in the diffusion of excited atoms through 
a gas of normal atoms and in the self-diffusion of an atom which does 
not have a closed shell configuration. 

Two normal hydrogen atoms, for example, may approach each other 
in either the 12), or the °2), state of the molecule H,, the former of which 
is symmetrical with respect to interchange of the nuclei and the latter 
antisymmetrical. Equations (5) and (12) still apply, but because of the 
quantal symmetry requirements (Massey and Mohr, 1934) the phase 
shifts 7, are determined by the 12, potential when / is odd and by the 
32), potential when / is even. There is in consequence no relation between 
the quantal and classical cross sections. It may be shown that the quantal 
diffusion cross section is approximately twice the cross section for the 
process in which the two electrons are interchanged. For the diffusion 
of, say, Na(?P) in Na(#S) the electron exchange process may be 
represented by 


Na (2P) + Na (2S) > Na (2S) + Na(2P), (25) 


and is often called the excitation transfer process. 

The effect of the symmetry requirements is usually to produce very 
large cross sections and very small diffusion coefficients. Thus, the 
self-diffusion coefficient of atomic hydrogen at 273°K and 760 mm Hg 
is about 0.3 cm? sec-, nearly an order of magnitude smaller than classical 
considerations suggest. 
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There is some direct experimental support for the importance of the 
symmetry requirements, Phelps (1959) having measured a value of 
0.20 cm? sec~! for the diffusion coefficient of metastable 3P neon atoms 
in neon gas at 300°K and 760 mm Hg while the self-diffusion coefficient 
for neon is about 0.48 cm? sec-}. 

Calculations by Buckingham and Dalgarno (1952) of G for metastable 
helium suggest that the effect of symmetry requirements may be 
unusually small (though significant) in the case of the metastable inert 
gases. Certainly for excited atoms which may combine optically with 
the ground state a much larger effect is to be expected, the two possible 
interaction potentials having a long range (King and Van Vleck, 1939; 
Mulliken, 1960). 

A larger body of experimental data confirming the significance of the 
quantal symmetry requirements is given by measurements of the mobility 
of ions in their parent gases (§ 2.7). 


1.10 DirFusion aT Low TEMPERATURES 


At low temperatures, the quantal expression (12)t must be used 
for Qy. Qualitatively, this results in oscillations of Q, but the effect 
on @ is negligibly small except for the light elements H, H,, and He. 
Even for these, the alteration in the diffusion coefficients is less than 
0.5% at room temperature.t 

At low temperatures and high densities, quantum symmetry require- 
ments must be satisfied in the structure of the Boltzman equation and 
not merely in the description of the collisions (Uehling and Uehling, 
1933; Uehling, 1934; Hellund and Uehling, 1939). Some relevant 
calculations on He at 1°K have been carried out by de Boer (1943). 


2 Mobilities 


2.1. Ionic Mositity at Low FieLtp STRENGTHS 


At low field strengths, the ionic mobility % is given bys 
H = eDkT (26) 


t It may be necessary to include the effect of nuclear spin (cf. Hirschfelder et al., 1954). 

+See Buckingham et al. (1958) for some detailed numerical comparisons of classical 
and quantal calculations. 

§ Equation (26) is not exactly correct but is a very good approximation (cf. p. 242). 
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where e is the charge on the ion. The calculation of % is therefore 
entirely similar to the calculation of Y for a neutral particle except that 
the interaction potential between an ion and a gas atom has a much 
longer range and at large distances depends upon properties of the gas 
only. This allows the derivation of a general formula of wide applica- 
bility. 


2.2 VARIATION OF MOBILITY WITH ‘TEMPERATURE 


At large separations, 
V(R) = — 4ae?/R* (27) 


where a is the polarizability of the gas atoms. 
The corresponding diffusion cross section is 


4g = 2.210n(ae2/28)1/2 (28) 
and the mobility is given by 


KH = 35.9/V ap cm? volt- sec} (29) 


(cf. Dalgarno et al., 1958) where « is measured in atomic units (a8), 
the reduced mass pw is measured in units of the proton mass, and .% is 
referred to a constant gas density of 2.69 x 10!®cm-%. Formula (29) 
may be appropriately called the Langevin formula. 

The linear dependence on 1/+/u is predicted by classical theory for 
all interactions, but its constancy with temperature is true only for a 
pure R~ interaction. Formula (29) also demonstrates that for a pure 
R- interaction, the mobility is independent of the charge state of the ion. 

Since a is a property of the gas, it follows from (29) that #/p is 
independent of the nature of the ion. This is useful in assessing the 
accuracy of experimental data for the independence of %4/ on the 
particular ion must be accompanied by its constancy with temperature. 

Since the scattering at low temperatures is determined by the forces 
at large separations, all mobilities must ultimately conform with the 
predicted behavior provided sufficiently low temperatures can be 
reached before quantum modifications become important. The effect 
of the short-range forces persists down to quite low temperatures and 
observed mobilities may not be precisely constant but may vary slowly 
with temperature. 

At high temperatures, the scattering depends on the short-range 


16. DIFFUSION AND MOBILITIES 653 


forces. The position is similar to that of neutral particles and a mobility 
falling off roughly as T-1/3 is to be expected. In the intermediate region, 
some cancellation of the repulsive short-range forces and the attractive 
long-range forces will occur and the mobility will pass through a maxi- 
mum. 

Strictly, the long range interaction potential contains further attractive 
terms, the most important of which varies as R~*, and Dalgarno et al. 
(1958) have pointed out that as a consequence the mobility may pass 
through a slight minimum. Detailed calculations by Mason and Schamp 
(1958) confirm this suggestion. 


2.3. EXPERIMENTAL DaTa ON IONS IN UNLIKE GASES 


Values of 4 4/, resulting from various measurements at about 
290°K (cf. Tyndall, 1938) are given in Table II. In the cases of xenon, 
krypton, and argon, %4/p is essentially constant in harmony with (29), 


TABLE II 


H a/ ph FOR Various IONS IN THE INERT Gases AT 290°K 





Li 38.6 25.2 11.4 9.4 7.3 
Na 41.9 26.8 11.5 9.3 75 
K 41.0 27.4 11.7 9.6 7.4 
Rb 39.3 27.2 11.7 9.5 7.4 
Cs 36.3 25.5 11.5 9.5 7.4 





but for helium and neon, gases of low polarizabilities, #/u depends 
upon the particular ion. We expect therefore that # should vary with 
temperature in helium and neon but not in the other three inert gases. 

The observed variations with temperature (Pearce, 1936; Hoselitz, 
1941) are reproduced in Table III. For xenon and krypton % is virtually 
independent of temperature (if we ignore the measurement in krypton 
at 90°K), but for argon it seems necessary to reject the measurements 
at and below 195°K. For helium, the variations are qualitatively in 
harmony with the theory. 
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TABLE III 
VARIATION OF & WITH TEMPERATURE? 








T°K Lit-He Kt-Ar Rb*-Kr Cst-Xe 
20.5 20.0 — <= — 
78 21.8 1.30 _ _— 
90 22.2 1,52 1.15 _ 

195 23.9 2.34 1.57 1.02 
273 _— — 1.575 1.005 
291 25.8 2.81 1.58 1.01 
370 _ _ 1.59 1.01 
389 27.8 =_ _ _— 
400 =_ 3.07 = _ 
460 _ 2.95 1.64 1.03 
483 29.2 = = _ 


2 Units: cm? volt-} sec}. 


2.4 CLUSTERING 


It is probable that the anomously small mobilities observed in krypton 
at 90°K and in argon at and below 195°K are due to clustering, which 
leads to an increase in the mass of the ion. Clustering has been studied 
by Munson and Tyndall (1939) for polar gases and by Munson and 
Hoselitz (1939) for the inert gases. In the case of water vapor it appears 
that the chance of attaching the first water molecule is low, but once 
one attachment has occurred further attachment occurs efficiently and 
the final cluster is built rapidly (Massey and Burhop, 1952). For the 
rare gases, Munson and Hoselitz (1939) were able to analyze their 
observations to yield dissociation energies for clusters consisting of 
Lit and inert gas atoms. For Lit+-He, they derive a dissociation energy 
of about 0.07 ev, a value which is in harmony with that obtained from 
other more direct arguments (§ 2.5). 

The theory of clustering does not provide a complete explanation of 
the observations even in its most refined form (Bloom and Margenau, 
1952) and the phenomenon is worthy of further attention. 


2.5 CALCULATIONS OF MOBILITIES 


The problem of calculating the low field mobility of an ion was 
solved by Langevin (1905) giving results essentially equivalent to the 
statement (26) in which the correction factor «, in (5) is put equal to 
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zero and it is assumed that the number density of the ions is much 
smaller than of the gas particles. Langevin also carried out detailed 
calculations (see also Hassé, 1926) using an interaction potential 


V(R) =~ R<p 


(30) 
=—ue/Rt R>p 
which revealed the essential features of the variation of mobility with 
temperature and which are in harmony with (29) in the limit of vanishing 
temperature. Similar calculations using the representation 
o 


re) = {CZ} (3) an 


have been carried out by Hassé and Cook (1931), but neither (30) nor 
(31) provides an adequate representation of the short-range forces. An 
important set of tables of collision integrals corresponding to the more 
realistic model 


MR) = [a+n(Z) -9G) -a-n(Z)] ee 


has been prepared by Mason and Schamp (1958) and they have been 
able to reproduce most of the data, any failure being attributable to 
clustering. In particular, Mason and Schamp obtain a value of 0.05 to 
0.06 ev for the dissociation energy of Li+He, a result obtained with 
somewhat lower precision also by Dalgarno et al. (1958). 

The derived interaction potentials are sensitive to the details of the 
mobility data and it may be misleading to use them to extend the 
measurements to higher temperatures or to higher electric field strengths. 
It would be desirable to supplement the mobility data by measurements 
of direct elastic scattering, thereby allowing a more accurate determina- 
tion of the short-range forces. 


Corrections to the mobility formula: Mason and Schamp (1958) have 
discussed in detail the corrections to (26) which is only a first approxima- 
tion. Their discussion is based upon the kinetic theory development of 
Kihara (1953). For a pure R~ interaction, the small quantity ¢9, appearing 
in (5), vanishes and (26) is exact. For other interactions, (26) is no 
longer exact but even in the most unfavorable cases it is unlikely to be 
in error by more than 5%. 

It is interesting to note that (26) is exact (to the second order of 
approximation) whenever the mobility passes through a maximum or 
minimum as the temperature is changed. 
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2.6 Mositity aT HicH FIELD STRENGTHS 


For a pure R~ interaction, the mobility is a constant, but for other 
interactions it varies with the electric field. According to the theory of 
Kihara (1953), the mobility can be expressed as a power series in E?; 


H =H +H BP +H EL (33) 


where %,, are complicated functions of collision integrals, which have 
been written out by Mason and Schamp (1958). Mason and Schamp 
have discussed the convergence of (33) and have shown that the greatest 
value of E for which it may be used varies within wide limits, depending 
upon the force law, the temperature, and the ionic mass. In the common 
experimental cases, (33) should be useful for electric fields E and 
pressures p for E/p up to about 10 volts/em - mm Hg. 

There are some interesting features in the variation of # with E. 
At atemperature Tin or Tmax corresponding to a minimum or maximum 
in #, the coefficient %, effectively vanishes and % is constant over a 
wide range of E. For T < Tmax, % initially increases with increasing 
field strength while for T > Tmax, ¥ initially decreases. For T < Twin, 
H initially decreases and for T > Tmin, % initially increases (Kihara, 
1953; Mason and Schamp, 1958). 

A detailed comparison of these predictions with observations is 
prevented by the absence of measurements in suitable systems. 

No completely satisfactory theory exists for high values of EZ, although 
Wannier (1953) has succeeded in treating the case in which the particles 
are represented as rigid spheres. (This is actually quite a good approxima- 
tion to the cases of ions moving in their parent gases discussed in the 
following section.) Wannier finds that for high E, the drift velocity vg 
varies as (E/p)'/? and is independent of temperature. Wannier’s theory 
is supported by several experimental studies (Hornbeck, 1951; Varney, 
1952, 1953). 


2.7 MosILities OF IONS IN THEIR PARENT GASES 


The symmetry effects described in § 1.9 always arise in the description 
of the mobilities of atomic ions in their parent gases and lead to anomal- 
ously small values. The theory was first given by Massey and Mohr 
(1934) in a calculation of the mobility of Het in He at room temperature. 
Massey and Mohr obtained a value of 11 cm? volt-1 sec! whereas 
Tyndall and Powell (1932) had observed a mobility of about 20 cm? 
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volt-! sec-!. The discrepancy remained unresolved until Meyerott (1944) 
suggested that the ion of high mobility observed by Tyndall and Powell 
might be the heavier ion Hey. Mass spectrometric investigations (cf. 
Loeb, 1955) support this interpretation which has now been confirmed 
by the observation of two distinct mobilities in helium. 

By using a semiclassical version of the quantal theory (Holstein, 
1952; Dalgarno, 1958), it may be shown that the diffusion cross section 
for an ion X+ moving in its parent atomic gas X is twice the cross 
section for the resonance charge transfer process 


Xo Koa KX (34) 


except at very low temperatures where the contribution of the long- 
range attractive forces cannot be ignored. Resonance charge transfer 
cross sections decrease slowly in the low-energy region as the impact 
energy increases (cf. Chapter 14, § 3.1.1, and Chapter 18, § 4) with the 
result that the mobility of an ion in its parent gas decreases steadily 
as the gas temperature is increased, a variation different from that 
occurring for an ion in an unlike gas. This difference can be of consider- 
able assistance in identifying the ion under observation. Thus, the 
variation observed by Tyndall and Pearce (1935) in helium shows 
clearly that the ion cannot be Het, as was originally supposed. 

The experimental data have been reviewed by Loeb (1955) and by 
Dalgarno (1958). As a typical sample, we reproduce in Fig. | the 
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Fic. 1. The mobility of He* in He. 
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measurements on Het in He carried out by Biondi and Chanin (1957) 
and extended to higher temperatures by Dalgarno (1958) using data 
on charge transfer cross sections. The values agree well with the explicit 
quantal calculations of Lynn and Moiseiwitsch (1957). 

Charge transfer also affects the mobility of doubly charged ions X++ 
in their parent gas X. The long-range polarization forces are several 
times larger and the cross section for (double) charge transfer several 
times smaller than in the singly charged case, and it is probable that 
doubly charged ions behave more like ions moving in an unlike gas, 
Explicit calculations have been made by Ferguson and Moiseiwitsch 


(1959) for Het++ in He. 


2.7.1 Diatomic Ions in Their Parent Atomic Gases 


The mobilities of diatomic ions XJ in X have no special features 
and ions behave like ions moving in an unlike gas. 


2.7.2 Diatomic Ions in Their Parent Molecular Gases 


Because of difficulties over the identity of the ions involved, there 
are few definitive data on the low field mobilities of ions such as X} in 
a gas of diatomic molecules X,. At high field strengths the identification 
problems are fewer because high electric fields cause the breakup of 
any clusters and complexes which may have formed. 

Varney (1960) observes only a single species in O, with an extra- 
polated zero field mobility of 2.25 cm? volt-! sec“. This is so small 
that the identification of the ion as OF seems unambiguous and the 
value suggests that charge transfer plays an important role in such cases, 
though the magnitude of the effect is less than for the atomic ions. 

The measurements in N, reveal a curious variation of the observed 
mobility with electric field strength which Varney (1953) and Kovar 
et al. (1957) interpret as referring to an ion which changes its structure 
so that at low fields it is Nj and at high fields it is Nj. At intermediate 
fields the ion changes from one to the other many times during its 
time of flight. Similar results are obtained in carbon monoxide (Varney, 
1953). 

Many identification problems remain to be solved before a complete 
understanding can be reached, an interesting example being provided 
by argon. Three distinct mobilities are observed in Ar with low field 
values of 1.5, 1.8, and 2.6 cm? volt—! sec—! (Beaty, 1961). It seems certain 
that the lowest value refers to Ar+ and that one of the others refers to 
Ar}, probably the largest one. Perhaps the intermediate ion is Arj. 
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2.8 MOoBILITIESs IN MOLECULAR GASES 


The interaction between an ion and a molecule contains terms 
depending upon the orientation of the molecule, the most important 
of which falls off as R-® for a heteronuclear molecule and as R-? for a 
homonuclear molecule. Their coefficients depend upon properties of 
the molecular gas only and at low temperatures, %4/p should again 
be independent of the ion. Table IV reproduces some measurements 
in N, which confirm this independence. 


TABLE IV 


0 4/u FOR Various Ions IN Nz aT ABOUT 290°K 


Ion Li Na K Rb Cs Al Ga Kr 





HV p 9.3 10.1 10.2 10.3 10.3 10.1 10.2 10.3 


Arthurs and Dalgarno (1960) have presented a theory of scattering 
by molecules which takes proper account of the orientation dependence 
of the interaction potential. One consequence of the presence of a 
term in R-3 is that the mobility of an ion in a molecular gas should not 
be independent of temperature at low temperatures but should decrease 
with decreasing temperature passing through a minimum at some very 
low temperature. The available experimental data do decrease with 
decreasing temperature but this may be due to clustering. 


2.9 Mosixitres In Gas MIxTURES 


It follows from the theory of Chapman and Cowling (1939) that the 
mobility of an ion in a multicomponent gas is given by 


HA = > SAF (35) 


This is known as Blanc’s law. Deviations from it may occur if the nature 
of the ion is changing during its time of flight (Overhauser, 1949). 
The law is in harmony with observation (McDaniel and Crane, 1957). 


2.10 EXPERIMENTAL METHODS 


Many methods have been used for the measurement of mobilities 
and a detailed description of them has been given by Loeb (1955). 
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Those most frequently used include the “four-guage”’ method of Tyndall 
and Powell (1932) and the Bradbury-Nielsen shutter method (cf, 
Crompton and Elford, 1959) for ions moving in various gases and two 
more recent methods due to Hornbeck (1951) and to Biondi and Chanin 
(1954) for ions moving in their parent gases. 

Mobilities may also be determined from measurements of ionic 
diffusion. 


2.11 AMBIPOLAR DIFFUSION 


The ions and electrons in a plasma move under the action of concentra- 
tion gradients and an electric field. Then if a plus and minus super- 
script indicate, respectively, an ion and an electron property, the 
equations of motion of the ions and electrons are 


j- = — D grad n~ — H-En- (36) 
jt = — Dgradnt + H+Ent (37) 
and the currents j~ and j+ will be equal provided 
|nt+—n-|<n-. (38) 
Eliminating E from (36) and (37), it follows that 
j = — QD, gradn (39) 
where Y,, the ambipolar diffusion coefficient, is given by 


_ (DH- + DH*) 


QD, B+ + Boo 


(40) 


and superscripts are no longer necessary in (39). 
If the ions and electrons are in equilibrium with the gas at a tempera- 
ture T, 
QD kT 
Ht He @) 
and 
DQ, =2D*H-|(H+ + H-) 


~ 29+. (42) 
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The mobility of an ion is therefore related to the ambipolar diffusion 
coefficient by 


H = keQ,|kT. (43) 


If the number density of the ions falls below about 108 cm-, the 
diffusion is no longer ambipolar. The transition from ambipolar to 
free diffusion has been investigated by Allis and Rose (1954). 

Measurements of Y, have been made for a number of gases by 


Biondi and Brown (1949), Biondi (1950, 1951), Persson and Brown 
(1955), and Faire and Champion (1959). 
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1 Introduction 


The elastic scattering of beams of high-energy atoms, molecules, and 
ions by gases leads to valuable information on the forces between the 
interacting particles. In principle, this is one of the most direct ways 
of obtaining such information. However, even though the method is 
Straightforward in principle, the analysis of the actual experiments to 
obtain meaningful force law information can often be quite difficult. 
There are two main reasons for using molecular beams to obtain 
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information about intermolecular forces. Other methods of obtaining 
such information, such as the analysis of gaseous transport and equation 
of state data, involve averaging over the thermal velocity distribution 
of the molecules, which introduces some ambiguity into the final results, 
Beam experiments seek to avoid this difficulty by the use of mono- 
energetic beams. This advantage is somewhat offset, however, by the 
necessity of averaging over apparatus geometry. The second reason for 
using beams is that it is possible to obtain intermolecular force informa- 
tion at close distances of molecular approach by working with high- 
energy beams. This range of molecular interactions is not susceptible 
to investigation at the present time by the more conventional means of 
gaseous transport property and equation of state measurements, in- 
asmuch as the temperatures required are so high (of the order of 
10*°K). Such short-range intermolecular forces are of fundamental 
interest for what light they can throw on basic questions concerning 
the electronic structure of molecules, and molecular beam experiments 
have stimulated, and been stimulated by, a number of quantum- 
mechanical calculations on such electronically simple systems as H-H,, 
H-He, Het-He, and He-He (discussed further in § 9). The molecular 
beam results for more complicated systems have also furnished valuable 
tests of more approximate theoretical and semiempirical calculation 
schemes (Mason and Vanderslice, 1958b; Gaspar, 1960). 

An obvious direct application of the short-range intermolecular force 
information obtainable from scattering experiments is the calculation of 
the properties of gases at very high temperatures by well-established 
methods of kinetic theory and statistical mechanics (Amdur, 1953; 
Mason and Vanderslice, 1958d; Amdur and Mason, 1958; Amdur and 
Ross, 1958). Indeed, high-energy scattering experiments can be considered 
as an indirect method of determining high-temperature properties 
without the use of high temperatures, and this feature undoubtedly 
accounts for the recent upsurge of interest in such experiments. Some 
applications of scattering results have also been made to the calculation 
of ion mobilities (Mason and Vanderslice, 1959b), and the estimation 
of steric effects in molecules (Mason and Kreevoy, 1955; Westheimer, 
1956; Kreevoy and Mason, 1957). We may look forward to the time 
when such applications can be extended to the calculation of more 
complex phenomena like vibrational relaxation times and reaction rate 
constants. 
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2 Scope of Present Survey 


The principal discussions in this chapter will concern the major experi- 
mental work in high-energy beams, i.e., beams with kinetic energies 
from about 5 to 5000 ev in the laboratory coordinate system. Clearly 
“high energy”’ in this connection means only high with respect to ordinary 
thermal energies (~0.025 ev). In this energy range experimental tech- 
niques are all basically similar, and it is not too difficult to obtain fairly 
monoenergetic collimated beams, which makes the analysis of results 
more clear cut. Other simplifications which result from working in 
this range are that the scattering gas molecules can be considered 
stationary before collision, and that the intermolecular forces are often 
of a rather simple type, since the long-range dispersion and induction 
forces are usually almost negligible. The low-energy limit of the range 
is determined by the difficulty of preventing straggling and spreading 
of slow ion beams (even neutral atom beams always start out as ion 
beams which are later neutralized), and the high-energy limit is deter- 
mined by the onset of inelastic collisions involving electronic excitation 
and ionization. 

Although the kinetic energy of the beams is high, the potential energy 
of interaction between the beam and scattering particles is in the range 
of about 0.1 to 10 ev because the experiments usually involve only 
small-angle scattering. Thus, the only events “seen” by the experi- 
ments involve very glancing collisions. This limitation to small-angle 
scattering is both a blessing and a curse. It is a blessing in that one can 
use beams of conveniently high kinetic energy, and the mathematical 
analysis of small-angle scattering is comparatively simple. It is a curse 
in that the experimental results are quite sensitive to apparatus geometry, 
beam width, and the intensity distribution across the beam, all of which 
Strongly influence the effective angular aperture of the apparatus, i.e., 
the minimum angle through which a beam particle must be deflected 
in order to be counted as scattered from the beam. These factors must 
be taken into account in order to interpret the results properly. Much 
of the early work on elastic scattering cannot be interpreted quantitatively 
because these factors were largely ignored, and the present survey will 
therefore not include work earlier than about 1940. This earlier work 
has been adequately summarized elsewhere (Massey and Burhop, 1952). 

We omit from this survey all discussion of so-called “thermal beams,” 
Which use rather different experimental techniques and which would 
Tequire another chapter as long as the present one to survey them 
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properly. Reviews of early work on thermal beams are available (Fraser, 
1931; Massey and Burhop, 1952; Smith, 1955; Ramsey, 1956), but 
there has been a revival of interest in the past 5 years and considerable 
experimental and theoretical work has been reported in the literature. 
Particularly active workers have been Pauly (1957, 1959, 1960, and 
previous papers) and Bernstein (Schumacher et al., 1960; Bernstein, 
1960; Hostettler and Bernstein, 1960; and previous papers). 

We also omit discussion of results above 5 kev because no observa- 
tions of strictly elastic scattering have been made in this region, the 
apparatus angular aperture necessary to avoid “seeing” the inelastic 
collisions being almost impossibly small. It should be mentioned, how- 
ever, that it is quite accurate to calculate the scattering of the beam as 
if the collisions were truly elastic, since the electronic excitation and 
ionization energies involved are so small compared to the beam kinetic 
energy (Everhart et al., 1955; Sida, 1957; Firsov, 1958; Lane and 
Everhart, 1960a). 

Note added in proof: Since the above was written, Lane and Everhart 
(1960b) have reported potential energy functions between several ions and 
atoms in the range 1-60 kev (for the potential energy), corresponding to 
ion-atom separations of the order of 10-2 A. Although such collisions are 
inelastic, the inelastic energies involved are probably but a negligible 
fraction of the kinetic and potential energies involved in the collisions. 
Lane and Everhart studied differential cross sections for Het in He, Ne, 
Ar; Net in Ne, Ar; and Artin Ar; at beam energies of 25, 50, and 100 kev. 
Their work is particularly significant because they measured a sufficient 
angular distribution to be able to calculate V(r) directly from their 
data without any assumption as to form other than that V(r) be a 
monotonically decreasing function (Firsov, 1953; Keller et al., 1956). 
The results could all be represented by a screened Coulomb potential of 
the form V(r) = (Z,Z,e?/r) x (r), where Z,e and Z,e are the nuclear 
charges and ;(r) is a screening function. A Thomas-Fermi model 
calculation of y(r) gave slightly better agreement with the experimental 
V(r) curves than an exponential form for x(r). Lane and Everhart’s 
work furnishes a beautiful practical example of how much more informa- 
tion can be obtained when the differential cross section rather than the 
total cross section is measured. One general word of caution is in order, 
however: for many potentials the quantum differential cross sections 
do not converge uniformly to the classical limit, so that no matter how 
small the de Broglie wavelength is there will be an angle (not necessarily 
near @ =) for which the quantum and classical results differ by # 
large amount (Ford and Wheeler, 1959). 

Limitations of space prevent discussion of collisions involving resonant 
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charge or excitation exchange, although these are elastic processes, 
strictly speaking. Such phenomena are reviewed elsewhere in this 
volume. 


3 Classical Scattering Approximation 


The angular distribution of particles scattered from a beam is described 
both quantum mechanically and classically by a differential scattering 
cross section o(8), defined by the statement that the number of particles 
scattered through angles between 6 and 0+ dé is 27Jo(@) sin 6 dd, 
where J is the flux density of the incident unscattered beam in particles 
per unit area per unit time, and o(@) has the dimensions of area. Because 
of axial symmetry of the beam, there is no dependence on azimuth 
angle, only on the polar deflection angle 0. In most beam scattering 
experiments it is not the angular distribution of scattered particles 
which is measured, but the total fraction of the beam scattered into all 
angles greater than some given angle 9), the angular aperture of the 
apparatus. This is usually called (not strictly correctly) the total scattering 
cross section S(6,), given by 


S(8,) = 2a | : o(8) sin 6 dé. (1) 


The true total cross section is the limiting value as 0, > 0. Since o(@) 
is peaked very sharply around 6 = 0, and the sharpness of the peak 
increases rapidly with increasing energy, measured values of S(6) will 
be only a small fraction of the true total cross section S(0) unless low- 
energy (thermal) beams and detectors of very high angular resolution 
are used. Good approximations to S(0) have been obtained experi- 
mentally with thermal beams and very narrow detectors, but the resolu- 
tion required to observe true total cross sections with high-energy 
beams is so high that there is scant prospect of their being measured. 
McDowell (1958) has performed some interesting calculations of S(0) 
for ions of energies up to 104 ev, but there is little likelihood of ever 
relating such calculations to experimental measurements. 

There is, in fact, no reason to attempt the measurement of S(0), since 
Measurements of S(8)) will do just as well for the determination of 
intermolecular forces. There is even an advantage to the use of S(@) 
Instead of S(O), since S(6)) can be treated entirely classically (with 
4 considerable resultant saving in mathematical labor) if 0, is larger 
than a “critical” angle 0. Below 6. the classical approximation rapidly 
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fails, but above @¢ the classical approximation is quite accurate. The 
classical approximation always fails at sufficiently small angles, with 
the result that the classical expression for S(O) always diverges for a 
force law without a finite cutoff distance. According to Massey and 
Mohr (1933, 1934), the value of this critical angle is approximately 


Oo & A/2ro = wh/(pvr,), (2) 


where A is the de Broglie wavelength of the colliding pair of particles, 
p= mym,|(m, + m,) is their reduced mass, v is their initial relative 
velocity, and 7, is a characteristic molecular dimension, usually taken 
as the distance of closest approach. The critical angle for a thermal 
beam of helium atoms is of the order of 10 deg, for a 10-ev helium 
beam is of the order of 1/2 deg, and for a 1000-ev helium beam is of the 
order of 1/20 deg. It is correspondingly smaller for beams of heavier 
particles. 

It appears that a completely classical analysis of practically all the 
available high-energy scattering measurements is valid, and they will 
be discussed in classical terms from here on. For experiments involving 
very light atoms and very small angular apertures, the classical analysis 
has been questioned (Wu, 1958). This point will be discussed further 
in § 7.3. 

It should be mentioned that the mass and energy dependence of the 
true total quantum-mechanical cross section S(0) is quite different from 
that of the classical “total” cross section S(), (99 > 9). For a potential 
energy of interaction of the form V(r) = + K/r’, S(O) varies as 
(K/fv)?/"8-) (Massey and Mohr, 1934; Landau and Lifshitz, 1958), 
whereas S(9)) varies as (K/E0@,)?/*, where E = 4 uv? (Kennard, 1938; 
Gordon, 1957). Thus, the energy dependence of (8) is much stronger 
than that of S(0), and the fraction of the true total cross section measured 
by an apparatus of fixed 4), i.e., the ratio S(@)/S(0), rapidly decreases 
with increasing beam energy. It should also be mentioned that S(O) is 
influenced largely by more energetic collisions than is S(0) for a given 
beam energy, and so S(@)) gives more information on the short-range 
forces than does S(O). 


4 Elementary Description of Scattering Measurements 


A straightforward method of performing a scattering experiment ! is 
shown schematically in Fig. 1. A collimated beam of monoenergetic 
particles passes through a scattering chamber SC containing scattering 
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gas of known density. Some of the beam particles are deflected and 
miss hitting the detector D. If the detector has a width of 2a and the 
beam width is much smaller than 2a, then the aperture of the apparatus 
in the laboratory coordinate system is 0,, + tan 6,, = a/l, provided 
Ax <l. All of the scattering is supposed to occur in the length 4x. 
The beam intensity is measured with (J) and without (J)) scattering 
gas in the scattering chamber, and the density of the scattering gas is 
determined by measuring its pressure and temperature. The cross 
section S is then calculated from the relation 


I/Iy = exp (— nSAx), (3) 


where n = p/kT is the gas number density. This relation holds as long 
as n and 4x are small enough that multiple scattering does not occur. 
The experimental test for single scattering is that S be independent 
of variations of n. This procedure gives S as a function of the beam 
energy. 

The foregoing description is clearly an idealization, and the actual 
geometry of the experiments is complicated by the following factors: 
(1) 4x is not entirely negligible compared to /. (2) The definition of 
Ax is complicated by the presence of small clouds of scattering gas 
effusing from the entrance and exit holes of the scattering chamber. 
Both these effects are usually small and, consequently, corrections can 
be easily calculated. More serious effects are: (3) The beam is slightly 
divergent and its width is at least as large as the detector width (infini- 
tesimally narrow beams are nice in theory, but one must have enough 
intensity to measure). (4) Since the exit hole of SC must be small to 
reduce the effusion of the scattering gas, and the beam must have a 
finite width to give enough intensity, the edges of the exit hole may 
partly determine 9, for beam particles near the edge of the beam. These 
effects make the definition of 0, less clear than the ideal, and a rather 
complicated averaging procedure is necessary to find the effective 
angular aperture to use in interpreting the results in terms of inter- 
molecular forces. 

An apparatus of this sort can be essentially one-dimensional, with 
slits in the scattering chamber and the detector in the form of a long 
Strip (perpendicular to the plane of the paper in Fig. 1), and such an 
apparatus geometry has been employed by Amdur and his co-workers 
in their experiments on the scattering of beams of neutral atoms with 
energies from 500 to 2100 ev by gases (Amdur et al., 1948; Amdur and 
Harkness, 1954, and many subsequent papers). They have also used 
4n apparatus with circular holes in SC and a circular detector of radius 
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a in experiments on the scattering of a He beam by He gas in the energy 
range from 150 to 1500 ev (Amdur et al., 1961). 





| _ 
Beam axis _--~" 8 Io 





Fic. 1. Schematic diagram of idealized scattering experiment. 


Another popular geometry is obtained by making 4x = / and using 
circular beams and detectors. This geometry has been employed by 
Amdur and co-workers in their first experiments with neutral beams of 
energies from 300 to 1100 ev (Amdur and Pearlman, 1940, 1941, and 
several subsequent papers), and by Simons and co-workers in their 
experiments with ion beams of energies from about 4 up to 400 ev 
(Simons e¢ al., 1942; Muschlitz et al., 1956; Cramer and Simons, 
1957, and many other papers). In this arrangement there is no difficulty 
about the definition of the length of the scattering path, because 4x = / 
and the gas cloud at the entrance hole of SC is negligible because the 
scattering path / is long. A difficulty occurs for long scattering paths, 
however—the apparatus aperture varies from arctan (a/l) at the 
beginning of the path up to 7/2 at the end. Clearly the cross sections 
calculated from (3) for such a geometry are averages of some sort over 
the length of the scattering path. They are also averages over a finite 
beam width, since infinitesimally narrow beams have only infinitesimal 
intensity. 

Still a third geometry is obtained by arranging that the detector can 
be moved off the beam axis to measure the angular distribution of 
scattered particles. Essentially this procedure has been employed by 
Berry (1949, 1955) in his experiments on the scattering of neutral beams 
of neon and argon atoms with energies from 300 to 3500 ev. These 
experiments are much more difficult because the scattered intensity per 
unit solid angle is so small. Furthermore, at large angles the detector 
undoubtedly collects a lot of unknown excited atomic and ionic debris 
resulting from inelastic collisions, which is avoided when the detector 
is kept on the beam axis. Experiments of this sort are consequently 
sometimes difficult to interpret accurately. In compensation, much 
more detailed information is obtained since the angular distribution is 
measured, and not just its integral. 
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We might summarize this section by the statement that elastic 
scattering measurements are easy in principle but more difficult in 
practice, both in execution and in interpretation. In the next section 
we consider some of the details of the actual experiments, and in the 
following sections will consider the theoretical interpretation of scattering 
measurements, including the corrections needed to permit a quantitative 
interpretation in terms of intermolecular forces. 


5 Experimental Methods 


In this section we review briefly the experimental methods used in 
high-energy elastic scattering measurements. These have been employed 
chiefly by Amdur, Simons, Berry, and their students and co-workers. 
For details of apparatus and technique, reference should be made to 
the original papers. 


5.1 Ampur’s APPARATUS 


A schematic diagram of one of Amdur’s apparatuses is shown in Fig. 2 
(Amdur et al., 1948; Amdur and Harkness, 1954). It employs an ion 
source based on the design of Lamar and Luhr (1934). A low voltage 
arc is formed between the filament F and 
the anode A. Positive ions are drawn off 


from this arc by the enclosing cathode C, ptt 
and some pass through the exit grid E. 

These ions are accelerated to the desired pea F lo 
energy by the ion gun G, and some of a 


the ions are neutralized by resonant charge ic aS 
exchange with residual neutral gas mole- — vacuum T T 
cules in the vicinity of the hole in G. A hye 

mixed beam of fast ions and _ neutrals | 
emerges from G; the ion component is CoO SS gas 
removed by the condenser H, and the 1 
neutral component passes through the 
scattering chamber SC to the detector D. 
Thermal detectors are used, either a 
thermopile or a fine butt-welded thermo- (== 

couple. There is probably some energy Fie. “Geenie diigrem 
Spread in the neutral beam, caused by of Amdur and co-workers’ neutral 
comparatively high gas pressures (0.1- beam apparatus. 
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0.2 mm Hg) and voltage drops in the arc, and by neutralization of some 
ions between E and G before being accelerated to the full ion gun voltage. 
This type of apparatus is thus not suitable for the study of neutral 
beams with energies below about 100 ev. The detection of lower energy 
beams is also much more difficult. With this apparatus have been studied 
the scattering of rare gas atoms in rare gases and in nitrogen, and of 
H atoms in helium. An example of the data obtained is given in Fig. 6. 

An earlier apparatus (Amdur and Pearlman, 1940) employed a much 
larger scattering path, extending from G nearly to D. With this apparatus 
have been studied the systems H-H,, D-D,, He-He, and Ar-Ar. This 
apparatus has recently been rebuilt and modified, including a limited 
scattering path as illustrated in Fig. 2, and used to study the He-He 
system further (Amdur et al., 1961). Because of different average angular 
apertures, the three apparatuses give intermolecular potentials valid in 
different ranges, and tend to complement rather than duplicate each 
other. 

More recently a new apparatus has been constructed with an improved 
ion source. Magnetic selection of the ions before neutralization and 
many other refinements of experimental technique have been incorpo- 
rated, but results have not yet been published (Amdur and Jordan, 
private communication). 


5.2 Srmons’ APPARATUS 


Several different apparatuses have been used by Simons and his 
co-workers in their studies of ion beams, and Fig. 3 is intended to 
represent the main features of all the apparatuses only in very schematic 
fashion. Ions are produced in the ion source and formed into a beam 
by the focusing elements FE of the fore chamber. Momentum selection 
occurs in the magnet chamber M, the emerging beam is again focused 


lon 
Source 


\\M FE 
ST lean o 
rTTr| i }— 


Fic. 3. Schematic diagram of Simons and co-workers’ ion beam apparatus. 
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by the elements FE of the post chamber, collimated by the chamber C, 
and finally enters the scattering chamber SC. The ions arriving in the 
detector chamber D are collected and measured with a dc amplifier. 
Fast differential pumping is used to keep the gas pressures suitably low 
in the different sections of the apparatus. The scattering section also 
contains various elements, not shown in Fig. 3, for measurement of 
ionization and of electron exchange and detachment. 

The first apparatuses (Russell et al., 1941; Simons et al., 1942) 
employed a Lamar and Luhr (1934) ion source, and the scattering of 
H~, H,, and Hg ions in a wide variety of gases was investigated over a 
period of years. An example of the data obtained is given in Fig. 7. More 
recently an improved apparatus with a mass spectrometer ion source 
has been constructed (Cramer and Simons, 1957), with which the 
scattering of rare gas ions in rare gases, and of D+ and Dj; ions in D, 
have been investigated. An example of the data obtained from this 
apparatus is given in Fig. 6. 

The method is also suitable for negative ions, which have been 
produced by electron bombardment of a jet of gas introduced into the 
ion source through a nozzle (Muschlitz et al., 1956; Muschlitz, 1957). 
This apparatus has been used to investigate the scattering of H- ions 
in H,, He, Ne, and Ar, and of O- and Oj; ions in O,. 


5.3 Berry’s APPARATUS 


Berry has constructed an apparatus for the measurement of the 
angular distribution of scattered neutral atoms, with which he has 
studied the scattering of Ar in Ar (Berry, 1949) and of Ne in Ne (Berry, 
1955). A schematic diagram of the apparatus is shown in Fig. 4. The 





Fic. 4. Schematic diagram of Berry’s neutral beam apparatus. 


ion source is based on the design of an efficient ion source operating 
at low gas pressures (< 10-3 mm Hg) developed by Finkelstein (1940). 
Electrons accelerated from the filament F ionize some beam gas atoms 
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in the field-free region B. The resulting ions are accelerated to the 
desired energy by G, and charge exchange with parent gas at a few 
microns pressure occurs in E, Unneutralized ions are rejected by H, 
and the neutral beam enters the scattering chamber SC, which contains 
the scattering gas and two detectors, both of which can be moved back 
and forth along the beam axis. Detector D measures the scattered 
atoms directly and is in the form of a ring to receive the full azimuthal 
angle. Detector D’ can be pushed up to the entrance hole of SC to 
measure the unscattered beam intensity and to serve as a beam stop 
to measure the background recorded by D. Detection is accomplished 
by measuring the secondary electron ejection from tantalum sheet by 
the impinging neutral atoms. The minimum deflection angle observed 
in this apparatus is about 15 deg, which is not a very small angle. 

If the detector is moved from position x to x + dx, atoms scattered 
along a path length » are still received, but their intensity is slightly 
decreased because the primary beam must pass through an extra thick- 
ness dx of the scattering gas. This effect decreases the detector current 
by the amount nJSdx, where J is the beam current along the path and S 
is the cross section for beam attenuation. The detector current is much 
more greatly increased, however, by now receiving atoms scattered 
through an apparatus angle 6, from the region dx at the beginning of 
the scattering path. This increases the detector current by the amount 
anI,[270'(6,) sin 6, d0,] dx, where J) is the initial beam current (measured 
by the detector D’), « is a correction factor to allow for different secondary 
electron ejection coefficients at D’ (which receives unscattered atoms) 
and at D (which receives atoms scattered at an angle 6a), and o’(0q) is 
the differential cross section for both beam and scattering atoms, 


o'(92) = o(0,) + o(4 7 — Oa), (4) 


since the detector cannot distinguish between scattered and recoil 
atoms (Bohm, 1951). The subscript a means that the laboratory or 
apparatus coordinate system is being used. The differential cross section 
can thus be found from the equation 


dI = only [2xr0'(8q) sin 0,494] dx — nISdx. (5) 


An experiment measures 7, J), and J as a function of x. The value of 
d$, as a function of x is determined by the apparatus design. The 
quantities S and « have to be determined in separate experiments, and 
then (5) can be solved for o’(6,) sin 03. The term involving S in (5) 
amounts to at most a total correction of 15%, but « is obviously more 
important. 
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It is difficult to assess the reliability of Berry’s measurements without 
more experimental detail than is supplied in his papers. The experimental 
difficulties are greater than those encountered by Amdur and by Simons, 
who do not measure angular distributions, but only total scattering 
cross sections. However, the extra information given by the angular 
distribution permits the calculation of numerical values of V(r) without 
the necessity of assuming an algebraic form (Hoyt, 1939; Berry, 1949). 
Berry’s results for V(r) of Ne-Ne and Ar-Ar systems do not fall in the 
same range of r as do Amdur’s results for the same systems, but if a 
comparison is made by extrapolation (which is always a risky procedure 
for potentials), only order of magnitude agreement is obtained. This is 
probably satisfactory under the circumstances (Amdur et al., 1950a). 
Certainly it cannot be said that the two sets of results are in disagreement. 
No other reliable independent checks on Berry’s results appear to be 
available. 


6 Elementary Classical Theory of Scattering 


The measured cross sections must now be related to molecular proper- 
ties, which is done by consideration of individual molecular collisions. 
In this section we give the theory for an experiment of idealized geo- 
metry. Most of the results are well known, but certain aspects of their 
application to high-energy scattering experiments have often been 
overlooked. The following section considers the corrections needed in 
actual experiments. 


6.1 Impact PARAMETER FORMULATION 


In a classical description the collision trajectories are well defined, 
and for a given relative energy (E = $v?) each value of the impact 
parameter 5 results in a definite value of the scattering angle. Thus, 
the number of particles falling on a molecular target area between b 
and 5 + db will be scattered into angles between 6 and @ + dé, so that 
we can write 27bdb = 2:0(8) sin 6d, from which we obtain 

b(89) 
S(6,) = 2m J bdb = 1b(6,), (6) 

b(2) 
since b(7) = Q (head-on collision). In the impact parameter formulation 
S(8,) thus has a simple physical interpretation: it is equal to the target 
area per molecule which a beam particle must hit in order to be scattered 
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through an angle greater than 0, and so miss the detector. In a scattering 
volume of area A and length dx there are nAdx scattering molecules 
presenting a total target area of nS(0,.) Adx. The fraction of A thus 
“blocked” for beam particles is thus 2S(69) dx, which must be equal 
to the fractional loss of intensity of the beam passing through dx, so that 


dl/I = — nS(8,) dex. (7) 


On integration this becomes the same as (3) from which the experimental 
cross section is calculated. The experiment thus measures 7b?(4,). 

The connection between the cross section and the intermolecular 
forces appears through the relation between scattering angle and impact 
parameter (Kennard, 1938; Bohm, 1951), 


6(b, E) = 7 — 2b f * EL — Bf? — VQ)/E}" r? ar, (8) 


where 7c is the distance of closest approach in the collision, given by 
1 — Br? — Vire)/E = 0. (9) 


If V(r) is known, 6(b, E) can be calculated and in principle solved to 
give (6, E), from which we obtain S(6o, E) by (6). The reverse process 
of calculating V(r) if S(@, Z) is known is more difficult, and usually 
involves first the selection of a suitable model for V(r), i.e., the assump- 
tion of an algebraic form for V(r) containing a few disposable para- 
meters. The calculation of S(@), £) is then carried through with these 
parameters, and the values of the parameters determined by comparing 
the calculations with experimental results. Since many different models 
for V(r) can reproduce a given set of measured cross sections, it is 
necessary to have some a priori knowledge of the nature of V(r) if the 
results are to have physical significance. Once a physically realistic 
model is chosen, however, the potential parameters can be determined 
with some precision. Much of the difficulty of interpreting many 
scattering experiments, especially those involving complex systems, 
arises from a lack of a priori knowledge of the nature of V(r). 

The situation is a little more complicated if both attractive and 
repulsive intermolecular forces are significant in producing the observed 
scattering. At the high beam energies considered in the present article, 
the only important attractive forces are those usually thought of in 
connection with chemical binding, the familiar second order induction 
and dispersion forces being too weak to be more than a small perturba- 
tion. A curve of scattering angle vs. impact parameter is shown in 
Fig. 5 for a case where both attractive and repulsive forces are important. 
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Positive angles correspond to net repulsion and negative angles to net 
attraction, although of course the scattering experiment cannot distin- 
guish between the two. It is apparent that there may be three values 








b 


Fic. 5. Schematic representation of the scattering angle for a force law involving 
both attraction and repulsion. 


of 6 corresponding to a given aperture 6). Scattering through angles 
greater than 6) will occur only if the impact parameter is less than }, 
or is between 5, and 43, shown in Fig. 5, so that (6) must be modified 
to read (Myers, 1955, 1956; Mason, 1955) 


S(O) = 7bi(9) + 77[b3(9) — 52(4)]- (10) 


The target area per molecule for scattering thus looks like @. As E 
is increased, the minimum in the 6(b) curve rises and eventually the 
outer ring of the target area vanishes and there is no longer any contribu- 
tion to the scattering from the attractive forces. If the attractive energy 
is very great compared to E, the minimum is lower (approaching — ~ 
in the limit), b, is very large, and b, and by are nearly equal, so that the 
Cross section can be taken as 7b? with little error. 


6.2 RELATIVE AND APPARATUS COORDINATES 
The preceding discussion has been given in terms of the relative or 


center-of-mass coordinate system, rather than in terms of an apparatus 
or laboratory coordinate system fixed in space. In apparatus coordinates 
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the energy W is given by W = $m,v? = (m,/u)E, where m, is the 
mass of a beam particle. The relation between the relative angle 0 and 
the apparatus angle 0, is (Kennard, 1938; Bohm, 1951) 
m, sin 6 

tan 0. = my woe +a, mae (11) 
where m, is the mass of a scattering molecule. The total cross section 
S(0)) is unaffected by the transformation to apparatus coordinates, 
although o(6) is affected, except that the relative aperture 9, is different 
from the apparatus aperture 6),. For a given apparatus, it is 65, which 
is fixed, not 6). The foregoing relations are derived on the assumption 
that the scattering molecule is initially at rest, an assumption which 
introduces no error in the present cases. 


6.3 SMALL-ANGLE APPROXIMATION 


The mathematical analysis is greatly simplified if the relative scattering 
angle @ is small. Equation (11) then becomes 6, = 6/[1 + (m,/m,)], 
from which we find, in conjunction with W = (m,/y)E, that W6, = EO. 
The greatest simplification comes in the relation between @ and S. 
Equation (9) is substituted into (8) to eliminate b, after which the 
square root is expanded. The first term is (Kennard, 1938) 


@ = (ral) f [V(re) — VO] — 88 rer (12) 


From (9) we have, without approximation, 
S = nb? = orl — V(re)/E]. (13) 


If (12) is a good approximation, then the last term on the right of (13) 
is small, although not always completely negligible (Kells, 1948). 

It is instructive to examine the results of (12) and (13) for some simple 
potential forms. For V(r) = + Kir’, where K is positive, (12) yields 


6 = + C,K|(Eré) = C,V(re)/E, (14) 
where C, = 7!/2I(4s + 4)/I(4s), from which we obtain with (13) 
S(8o) = m[C,K/(E8p)}?'* 1 F (8/Cs)], (15) 


the negative sign in the last term corresponding to a repulsive potential 
and the positive sign to an attractive potential. From (15) it is apparent 
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that a plot of log S vs. log E or log W will give a straight line of slope 
— 2/s if an inverse power potential is a good model. The potential 
parameter K can be calculated from the intercept. This result holds 
true even with nonideal geometry, only the interpretation of the aperture 
6) being changed. The result for this particular potential is actually 
independent of the small angle approximation (12), as can be proved 
by changing variables in (8) to show that @ is a function of the single 
variable Eb* (Hirschfelder et al., 1954). 





5 1.0 5 2.0 25 3.0 3.5 
log W (ev) 


Fic. 6. Logarithmic plots illustrating the applicability of an inverse power potential. 
Curve a, Ne+ in He (Cramer, 1958); curves b and c, Ne in Ne for two different size 
detectors (Amdur and Mason, 1955a). 


Figure 6 shows some typical experimental results which can be 
interpreted in terms of an inverse power potential, the ion scattering 
results of Cramer (1958) on a Net ion beam scattered in He, and the 
atom scattering results of Amdur and Mason (1955a) on a Ne beam 
in Ne. The latter are shown for two different detectors corresponding 
to two different values of 8), showing that the value of S is dependent 
On 4) as required by (15). 

Another useful potential form is V(r) = + « exp (— r°/p*), where 
€, p, and s are positive constants. Equation (12) can be manipulated 
by the method of Amdur and Pearlman (1941) to yield an asymptotic 
Series giving @ as a function of re (Mason and Vanderslice, 1957a). This 
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series cannot be solved explicitly for re as a function of 8 and then sub- 
stituted into (13) to give S(6)), but must be treated parametrically 
with respect to rc. However, the strongest dependence of @ on 7¢ in the 
series is as exp (— 7), and since S ~ zré, it turns out that the results 
of the calculations can be represented accurately over a wide range as 
a linear relation between S*/? and log E (or log W). This is also found 
to hold as well for nonideal geometry, which in a sense only changes the 
interpretation of 8). As an illustration, a plot of S!/* vs. log W is shown 
in Fig. 7 for the experimental measurements of Simons et al. (1943a) 
on Hj in He, showing that a simple exponential can interpret the 
results (Mason and Vanderslice, 1957a). 











ie) 0.4 08 12 1.6 2.0 
log W (ev) 


Fic. 7. Semilogarithmic plot illustrating the applicability of an exponential potential 
for H} in He measurements (Simons et al., 1943a). 


If the potential is more complicated and must be represented by a 
sum of several inverse-power or exponential terms, the expression for 
6 calculated from (12) becomes a corresponding sum of terms, and one 
may have the complication of several impact parameters giving the 
same angle, as in (10). Except in special cases it is not possible to 
eliminate 7¢ between O(c) and S(r¢) to obtain S(69), but it is still possible 
to calculate S(6,) numerically. Explicit solutions have been worked out 
for several two-term inverse-power potentials exhibiting both attraction 
and repulsion (Myers, 1955, 1956; Mason, 1955; Mason and Vanderslice, 
1957a), and numerical solutions in tabular form for the Morse two-term 
exponential function (Mason and Vanderslice, 1958e). The dependence 
of S on W is more complicated than in cases where the potential is 
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monatomic. Nevertheless, this more complicated dependence does 
show up in the experimental results and good agreement between 
theory and experiment can be obtained. 

If the relative scattering angle is not small, so that the approximate 
(12) cannot be used, recourse must be made to the accurate (8), which 
almost invariably means extensive numerical integration. This situation 
can arise even if the apparatus aperture 6), is small, since the relative 
aperture 0, can still be large if the mass of a beam particle is much 
larger than the mass of a scattering particle. This is shown by (11), 
which also shows that the maximum apparatus aperture allowable if 
any scattering at all is to be observed is 


max 62 = arc tan [(m,/m,)? — 1]-1/2, (16) 


For apertures greater than this maximum no scattering at all will be 
observed no matter how large the cross section is, since the heavy beam 
particles cannot be deflected enough by the light scattering particles to 
miss the detector. Even if the aperture is small enough to detect scattering, 
the target area per scatterer always has a hole in the center @, corres- 
ponding to the fact that head-on collisions and nearly head-on collisions 
do not deflect the beam particle appreciably but only slow it down, 
so that it still reaches the detector. The analysis of such experiments 
is quite involved mathematically unless 0), is very small, and has never 
been carried through. The recent results on Net+ in He and Art in Ne 
reported by Cramer (1958, 1959) are seriously influenced by these 
effects. Earlier experiments on Ar in He (Amdur et al., 1954) and on 
Ar in Ne (Amdur and Mason, 1956c) escaped this difficulty because 
of a much smaller apparatus angular aperture. 


6.4 RANGE OF VALIDITY OF INTERMOLECULAR FORCES 
DETERMINED FROM CROSS-SECTION MEASUREMENTS 


Given a potential V(r) obtained from cross-section measurements, it 
is important to inquire as to its range of validity. Reference to (8) shows 
that in principle the angle of deflection is determined by all intermolecular 
Separations between 7¢ and ~, but in fact the integrand is so strongly 
Peaked around 7¢ that for all practical purposes it is only the interaction 
around 7r¢ that matters. Thus, it is essentially V(7¢) that is determined, 
and not an average over all values of 7 out to infinity. For small-angle 
Scattering we further have S ~ zr@, so that the range of validity is 
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easily obtained directly from the minimum and maximum values -of 
the measured cross sections: 


(Smin/7)/? <rs< (Smax/7)*/?. (17) 


For a given apparatus, i.e., a given 9, and range of W, the values of r 
calculated from (17) of course vary widely as molecular systems of 
different “sizes”? are studied. However, in terms of the interaction 
energies themselves the range is almost independent of the particular 
molecular system studied. This can be most easily illustrated for an 
inverse power potential. On rearranging (14) and remembering that 
Wo. © EO), we obtain 


Wein 9a/C, < V(r) < Wmax 9%a/C;, (18) 


which depends only weakly on the particular form of V(r) through the 
constant C,. This result also illustrates how interaction energies of the 
order of | ev are determined from scattering measurements with beams 
of the order of 1000-ev kinetic energy—the aperture is of the order 
of 10-% radian. 

The preceding results are of course not so clear cut for nonideal 
apparatus geometry, but they are usually interpreted as being approxi- 
mately correct in an average sense. 


7 Analysis of Experiments 


In this section we take up the difficult problem of accounting for various 
nonideal aspects of the experiments, especially nonideal geometry. 


7.1 Finite Beam WIDTH AND SCATTERING PATH 


It is impossible in practice to obtain the infinitesimal beams and 
scattering paths which would lead to an unambiguous value of the 
apparatus aperture, and a real experiment involves some sort of average 
aperture which must be evaluated if the results are to be interpreted 
quantitatively. The proper quantity to average is not the angular aperture 
itself, but the cross section. The usual procedure is to average the cross 
section first over the length of the scattering path (including nonuni- 
formities of scattering gas density along the path), and then to average 
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again over the width of the unscattered beam, including a factor for 
the intensity distribution across the width. This is not a strictly correct 
procedure, but the formal exhibition of the approximation involved 
does not seem to have been published before, so we present it here. 

For concreteness we assume cylindrical symmetry with the x-axis 
lying along the beam direction, although this is not essential to the 
argument. The beam intensity at any point is i(x,r), where 7 is the 
radial distance from the x-axis, and the total intensity intercepted by a 
detector of radius a, would be I(x) = 2m ff i(x, r)rdr. The cross sec- 
tion S(8)) depends on x and 7 because 9) does. Scattering reduces the 
intensity of each infinitesimal beam at r by an amount 


di(x, r) = — n(x) i(x, r) S(x, r) dx, (19) 


where possible nonuniformities of scattering gas are allowed for by 
making m a function of x. On integrating over the area intercepted by a 
detector, we obtain 


dI(x) = — n(x) I(x) <S(x)> dx, (20) 
where 


<S(a)> = f° i(x, 7) S(x, 7) rdr | fala, 7) rar, (21) 


and another integration over x yields the usual relation given previously 
by (3), namely, J = J, exp (— ZS) Ax), where 


CS} = Gide) [ n(a) <S(0)> a 
i = (4x) [ aly de (22) 


The correct procedure is therefore to average first over beam width 
and second over scattering path. Usually the reverse procedure is 
carried out, largely because -7(x,7r) appearing in (21) is never known 
experimentally, only the intensity distribution of the unscattered beam, 
io(r). We may expect that the value of <S(x)> calculated using i,(r) in 
Place of i(x, r) will not be greatly in error, since this weighting factor 
Occurs in both numerator and denominator of (21). On replacing 
u(x, r) by ig(r), we can interchange the orders of integration in (22) and 
obtain the usual result 


Bw XS = { : ig(r) S(r) rar | f : i(r) rar, (23) 
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where 


Str) = (dx) [ n(x) S(ay 7) (24) 


Equations (23) and (24) are the basis for the usual corrections for 
nonideal geometry. For details of the often complicated computations 
necessary in particular cases, and for a discussion of the special case 
where the unscattered beam is wider than the detector, reference should 
be made to the original papers (Amdur and Harkness, 1954; Mason 
and Vanderslice, 1957a, 1958a). 

For an inverse power potential it is clear from (15) that averaging S 
is the same, within a small correction term, as calculating an average 
aperture by averaging 6)?/* rather than 0) itself. This is the procedure 
used by Amdur and Harkness (1954), and they showed the importance 
of carrying out such averaging. Measurements were made with two 
detectors of very different geometric apertures, 13.4 and 0.96 minutes. 
For the He-He system the proper average apertures were calculated to 
be 6.99 and 3.84 minutes, respectively. This gives agreement for the 
potential functions calculated from the two sets of measured cross 
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Fic. 8. Calculated and experimental cross sections for the scattering of H* ions 
in He, illustrating the importance of the beam width correction. The dashed curve !§ 
calculated for an infinitesimally narrow beam, and the solid curve for a beam of finite 
width, 
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sections within a factor of 1.3, compared with a factor of 0.17 if geometric 
apertures are used directly—nearly order of magnitude difference, 
showing the importance of the correction. 

Another example of favorable agreement between theory and experi- 
ment being obtained only when the width of the ion beam is taken into 
account is shown in Fig. 8, which gives the cross sections for the elastic 
scattering of H+ ions in He gas. The curves were calculated from the 
H+-He potential obtained quantum mechanically, the dashed curve 
being calculated ignoring the width of the ion beam and the solid 
curve assuming the beam width to be the same as the detector width, 
but with an intensity that falls off linearly from a maximum at the 
center to zero at the edge (Mason and Vanderslice, 1957a). The circles 
are the experimental points of Simons et al. (1943a). There are no 
disposable parameters in the calculation, only universal constants and 
apparatus geometry. Lack of knowledge concerning beam width and 
intensity distribution across the beam prevents a more precise determina- 
tion of the potential parameters in the assumed potential for many 
systems (Mason and Vanderslice, 1958a). 


7.2. A Priori KNOWLEDGE OF POTENTIAL FUNCTION 


We have already mentioned in § 6.1 that some a priori knowledge of 
V(r) is usually necessary before any physical significance can be attached 
to the potential parameters obtained from scattering experiments. Some- 
times it is necessary to carry out approximate quantum-mechanical 
calculations to establish the nature of the potential (Mason and 
Vanderslice, 1957a, 1958a). One must know from other sources at least 
whether the potential is attractive or repulsive in the region of interest. 
The case of He+ ions scattered in He gas furnishes a rather extreme 
example, in that two equally probable potential curves govern the 
Scattering, one attractive and one repulsive (Mason and Vanderslice, 
1957b, 1958e). The scattering measurements of Cramer and Simons 
(1957) have been analyzed for this case with the potential curves so 
determined shown in Fig. 9. The solid curves are the potentials deter- 
mined from the scattering measurements and the points represent the 
quantum-mechanical calculations of Weinbaum (1935), Moiseiwitsch 
(1956), and Csavinszky (1959). The agreement is excellent. If one 
assumes a simple inverse-power attraction to represent the true potential, 
then the scattering measurements can be analyzed to give the dashed 
Curve in Fig. 9 (Cramer and Simons, 1957). It is apparent that little 
Physical significance can be attached to such a potential. Even though 
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one could use it to recalculate the measured cross sections, it could 
probably not be used to predict or interpret other properties of the 
system. 


V(r), ev 





r,A 


Fic. 9. Interaction energy between He* and He. The solid lines represent the scatter- 
ing results. The points represent the following quantum-mechanical calculations: 
@, Weinbaum (1935), variational calculation; O, Moiseiwitsch (1956), effective nuclear 
charge of 2 for He+ and 27/16 for He; A, Csavinszky (1959), “open shell” calculation. 
The dashed lines represent the scattering results on the assumption that the interaction 
is a simple inverse-power attraction. 


7.3. QUANTUM CORRECTIONS 


Wu (1958) has questioned the classical analysis of the scattering 
results for the He-He system (Amdur and Harkness, 1954). The usual 
criterion for the applicability of classical mechanics is that the uncer- 
tainty in the momentum be small compared to the momentum trans- 
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ferred in a collision.t The momentum uncertainty is usually taken to 
be about %/(27)), where 79 is the distance of closest approach, and the 
momentum transferred is about V(r,)/v. The criterion thus becomes 
hv|[2ryV(r9)] < 1 (Bohm, 1951). For Amdur and Harkness’ results, 
this ratio is in the range 0.1-0.2, not extremely small compared to unity, 
but hardly large enough to be certain that the classical approximation 
is invalid (Amdur, 1958). For lack of a more quantitative criterion of 
validity, the results must therefore be judged by their agreement with 
independent determinations of the He-He intermolecular potential, and 
Amdur (1958) cites a good deal of independent evidence that the results 
of the classical approximation are indeed valid. This indirect evidence 
ig rather convincing, but a definite theoretical answer to the question 
must await the quantum calculation of the angular distribution o(@) at 
small angles for the system in question, to establish definitely the region 
of validity of the classical approximation. In terms of scattering angles 
we have V(r,)/v ~ uv, for small angles, so that the previous criterion 
for classical scattering can be stated as 0) > %, where 0. is given by (2). 
Put in these terms the criterion seems too stringent, but further theore- 
tical work is needed. 


8 Summary of Experimental Results 


Measurements on high-energy elastic scattering to obtain intermolecular 
potential energy information have not been extensive, and a great deal 
of work is still necessary in this largely unexplored field. Only relatively 
recently has such scattering work produced useful information, and this 
has been mainly due to the persistent and pioneering efforts of Amdur, 
Simons, and their co-workers. We have collected the available results 
into three groups, which are given in Tables I-III. Table I consists of 
those results which appear to be the most reliable, in the sense that 
account has been taken of the beam width corrections and of the form 
of the potential (e.g., attractive or repulsive) in the region of interest. 
Part A of Table I contains only those systems for which direct measure- 
ments have been made, and Part B contains three systems for which 
indirect results have been obtained from combination rules. These 
three systems have also been checked in other ways, however. By 
Combination rules we mean empirical or semiempirical formulas by 
which the potential function of one system can be calculated from the 


t Another criterion on the de Broglie wavelength is well satisfied. 
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potential functions of two or more related systems. For example, the 
He-Ar potential can be accurately calculated as the geometrical mean 
of the He-He and Ar-Ar potentials, which has been confirmed by direct 
measurement (Amdur et al., 1954). 

Table II consists of those results which we feel are less reliable, 
either because of greater experimental difficulties or because some of 
the corrections have not been made. Table III consists of those results 
which we consider to be essentially uninterpreted at present, although 
empirical potential functions which will reproduce the measured cross 
sections have in most cases been calculated. In many of these cases it is 
lack of suitable a priori knowledge of the potential function that prevents 
interpretation, even some of the apparently simpler systems probably 
having rather complicated forces. For instance, the forces in the systems 
H+ — H,O and H+ — CH, are possibly chemical valence forces, since 
H,O+ and CH# are quite stable species. The experiments themselves 
are not at fault, and are usually masterpieces of design and execution. 


TABLE I 


Most RELIABLE POTENTIAL ENERGY FUNCTIONS DERIVED FROM 
SCATTERING MEASUREMENTS? 


System Potential function (ev) Range (A) Reference 





Part A 
He-He 3.47/r5-08 0.97-1.48 Amdur et al. (1961) 
4.71 /r5-% 1.27-1.59 Amdur and Harkness (1954) 
Ne-Ne 312/r*-*® 1.76-2.13 Amdur and Mason (1955a) 
Ar-Ar 849/r8-38 2.18-2.69 Amdur and Mason (1954) 
Kr-Kr 159/r5-42 2.42-3.14 Amdur and Mason (1955b) 
Xe-Xe 7.05 x 108/r7-9? 3.01-3.60 Amdur and Mason (1956a) 
H-He 2.34/r3-29 1.16-1.71 Amdur and Mason (1956b) 
He-Ar 62.1/r7-?5 1.64-2.27 Amdur et al. (1954) 
Ne-Ar 630/r?-18 1.91-2.44 Amdur and Mason (1956c) 
He-N, 74,3/r7-98 1.79-2.29 Amdur et al. (1957) 
Ar-N, 755/r7-78 2.28-2.83 Amdur et al. (1957) 
Ht-H | 1.90[(0.76/r)* — 2(0.76/r)?] 0.63-1.59 Simons et al. (1943a); 
© (| — 6.72) 1.59-2.65 | Mason and Vanderslice (19578) 
Ht-He } 8.31/r7-° (linear) 0.74-1.59 Simons et al. (1943a); 
: 1.48/r*-°° (triangular) 0.74-1.59 Mason and Vanderslice (1957) 
H}-He 177 exp(— r/0.301) 0.89-2.22 Simons et al. (1943a); 
Mason and Vanderslice (19574) 
H--He 18.1 exp(— r/0.491) 0.77-2.0 Bailey et al. (1957); 
Mason and Vanderslice (19584) 
H--H, 24.6 exp(— 2.187) 0.87-2.0 Muschlitz et al. (1956, 1957); 


Mason and Vanderslice (1958¢) 
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TABLE I (continued) 


Reference 





Mason and Vanderslice (1958c) 
Mason and Vanderslice (1958c) 
Mason and Vanderslice (1959b) 
Mason and Vanderslice (1959b) 


Cramer and Simons (1957); 
Mason and Vanderslice (1958e) 


Mason and Vanderslice (1958a); 


Mason and Vanderslice (1958c) 


System Potential function (ev) Range (A) 
H--Ne 34.9 exp(— 2.207) 0.73-1.84 Bailey et al. (1957); 
H--Ar 60.1 exp(— 2.237) 0.77-2.15 Bailey et al. (1957); 
Ht+-H, 2.7{exp [6(1 — 7r/1.5)] 1.5-3.7 Simons et al. (1943c); 
— 2 exp 3(1 — 7/1.5)]} 
Hi-H, 99.8 exp(— 1/0.376) 1.48-2.45 Simons et al. (1943c); 
2.16 {exp [4.66(1 — 7/1.080)]  0.9-3.8 
Het-He — 2 exp [2.33(1 — r/1.080)}} (attraction) 
4.32 exp [2.33(1 — r/1.080)] 0.9-3.8 
(repulsion) 
0.71 {exp (81 — 7/1.7)] 1.8-4.2 Cramer (1958); 
Net-Ne — 2 exp [4(1 — 7/ 1.7)]}; (attraction) 
- 1.42 exp [4(1 — 7/1.7)] 1.8-4.2, Pauling (1960) 
(repulsion 
Part B 
N.-N, 595/r7-?7 2.43-3.07 Amdur et al. (1957) 
H-Ne 26.3 exp (— 2.02r) 0.78-2.5 
H-Ar 17.6 exp (— 1.42r) 1.26-3.0 


Mason and Vanderlisce (1958c) 


* The potential is in electron volts when r is in angstroms. Part A, direct determinations; 
Part B, indirect determinations. 


System 


He-He 
Ne-Ne 
Ar-Ar 
Ar-Ar 
H-H, 


D-D, 


TABLE II 


OTHER POTENTIAL ENERGY FUNCTIONS DERIVED FROM SCATTERING MEASUREMENTS? 


Potential function (ev) 


Range (A) 





2.88/r3-79 

6.49 x 10° exp (— 4.25r) 
1.37 x 104 exp (— 4.147) 
28.8/r4-38 

6.72 exp (— 1.52r) 


28.7 exp (— 5.17r?) 


0.52-1.02 
0.4-1.0 
0.6-1.2 

1.37-1.84 
0.4-1.2 


0.29-0.56 


Reference 


Amdur and Pearlman (1941); 
Amdur (1949) 
Berry (1955) 


Berry (1949, 1955) 

Amdur et al. (1950a) 

Amdur et al. (1950b); 

Mason and Vanderslice (1958c) 
Amdur et al. (1950b) 





* The potential is in electron volts when r is in angstroms. 
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TABLE III 


OTHER SYSTEMS INVESTIGATED 





System Beam energy (ev) Reference 
H3-H, 8.3-75 Simons et al. (1943b) 
Ht-H,O 
H}-H,O 3-130 Simons et al. (1943d) 
Hi-H,O0 
Ht+-CH, 1.1-156 
Hj-CH, 3-125 Simons and Fryburg (1945) 
Hi-CH, 1.5-152 
H+-C,H, 6.5-125 
H?-C,H, 5-130 
H}-C.H, 5-127 : : 
Ht-C,H, 5.8-125 Simons and McAllister (1952) 
Hi-C,H, 5.6-132 
Hj-C,H, 5.8-125 
Ht-nC,Hio 1.9-117 
Hi-nC,Hyo 1.4-100 
Hi-nC,Hio 2-100 F 
H+-iC,Hy 3.2-100 Simons and Cramer (1950) 
HY-iC,Hio 3.8-100 
Hi-iC,Hy 3.1-100 
H+-C,H, 2.4-100.5 
Hj-C,H, 3.15-116 
Hi-C,H, 3-138 ; 
H+-C,H, 3.7-118 Simons and Unger (1945) 
H}-C,H, 4-114 
Hi-C,H, 4.5-116 
H+-CF, 5-130 
Hi-CF, 5.2-131 
Hi-CF, 5.7-124 ; 
H+-C,F, 5-140 Simons and Garber (1953) 
Hj-C.F, 5.4-125 
Hi-C,F, 5-125 
He*-Ne } 
Net-He { 4-400 Cramer (1958) 
Net-Ar 
Ar*+-Ne 4-400 Cramer (1959) 
Art-Ar 
+o - 
ata Panag Cramer and Marcus (1960) 
O--O, 3-350 ( ‘ 
O70; 5-350 { Muschlitz (1960) 


a a ee 
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9 Comparison of Scattering Results with Other Data 


It is of interest to compare the results of the elastic scattering experi- 
ments with information available from other sources. Space limitations 
prevent our doing more than exhibiting a few examples and citing others. 
We have already seen that the scattering results for H+ in He are in 
good agreement with quantum-mechanical calculations of the inter- 
action energy (Fig. 8), and similarly for He+ in He (Fig. 9). Scattering 
measurements and quantum-mechanical calculations have also been 
carried out for the system H-He, and found to be in good agreement 
(Amdur and Mason, 1956b; Mason et al., 1956). Quantum-mechanical 
calculations of the repulsive interaction of two He atoms (Rosen, 1950; 
Griffing and Wehner, 1955; Sakamoto and Ishiguro, 1956; Lynn, 1958; 
Hashino and Huzinaga, 1958; Moore, 1960) are also in good agreement 
with the results of Amdur and Harkness (1954), which are valid between 
1.27 and 1.59 A, and in reasonable agreement with the results of Amdur 
et al. (1961), which are valid between 0.97 and 1.48 A. Agreement is 
not so good for the earlier experiments giving results valid between 
0.52 and 1.02 A (Amdur and Pearlman, 1941; Amdur, 1949). Here the 
experiments themselves are less certain, and the theoretical calculations 
are questionable because of their use of approximate wave functions 
which have an erroneous united atom limit (Buckingham, 1958). Some- 
what similar remarks apply to the experimental and theoretical results 
for the H-H, system (Amdur and Pearlman, 1940; Amdur, 1943, 1949; 
Margenau, 1944; Aroeste and Jameson, 1959; Jameson and Aroeste, 
1960). 

It should be emphasized that the results for the rare gas and nitrogen 
interactions listed in Table IA and B are entirely consistent with 
potentials valid at larger distances, derived from gas and crystal proper- 
ties. The comparisons are reported in the original scattering papers. 

As was mentioned in the Introduction, scattering results can be 
used to calculate gas properties at high temperatures. In a few cases 
measurements of the gas properties are also available at temperatures 
high enough for a direct comparison to be made. In cases examined so 
far, the agreement has been satisfactory (Mason and Vanderslice, 1958d; 
Amdur and Mason, 1958). Two particularly striking recent examples 
of agreement come from the measurements of Walker and Westenberg 
(1958, 1959) of the diffusion coefficients of He-N, and He-Ar at un- 
usually high temperatures. The agreement is remarkably good. 

It has also been shown (Mason and Vanderslice, 1958a, c) that the 
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elastic scattering results for H-H,, H-He, H-Ne, and H-Ar derived 
from Amdur’s measurements are consistent with the elastic scattering 
and electron detachment results for H--H,, H--He, H--Ne, and H--Ar 
obtained with a Simons-type apparatus (Muschlitz et al., 1956, 1957; 
Bailey et al., 1957). 


10 Summary 


Although the experimental techniques are exacting and the theo- 
retical interpretation often complicated, high-energy elastic scattering 
studies can supply information which is often unobtainable in any 
other way. Although the method now seems well established, much 
remains to be done. Further work at independent laboratories would be 
particularly valuable to check key results already obtained and to 
obtain further information. Few studies have yet been made on systems 
of interest in such fields as astrophysics, upper atmosphere physics 
and chemistry, and the physics and chemistry of combustion, detona- 
tions, and shock waves. Many interesting and important systems would 
require study by crossed beam techniques, which are not sufficiently 
developed as yet. 
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1 Introduction 


A complete understanding of a collision process is not possible without 
a satisfactory solution of the relevant quantal equations. The detailed 
study of collisions between the simplest systems is therefore of central 
importance. It is, however, also necessary to develop semiempirical 
theories which may be applied to collisions between complicated systems. 

As the impact energy is increased from the threshold, the collision 
cross section for the various types of charge transfer and for detachment 
in general rises, passes through a maximum, and then falls off mono- 





TABLE I 
Process Equation Designation 

Single charge transfer At+ B—>A+ Bt 10/01 
Transfer ionization At+ B>A+ Bt+e 10/12e 
Stripping A++ B—A*+ e+ B 10/2e0 
Charge transfer to At+ B—A’+ Bt 10/0’1 

an excited level At+ B—>A+ BY’ 10/01’ 
Capture by neutral atom A+ B—-A-+ Bt 00/11 
Collisional detachment A-+B—>A+e+B 10/0e0 
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tonically. In some cases evidence for fine structure has been reported 
(Donahue and Hushfar, 1959, 1960; Curran and Donahue, 1960), but 
this has not yet been confirmed. 

It is convenient to refer to a collision by piti/prtr where pi and pr 
are the initial and final charges on the projectile in units of the charge 
on the proton, and where ¢; and fy are the corresponding charges on the 
target. A prime is inserted if one of the systems is excited and the 
symbol e if an electron is ejected (see Table I). 


2 Collision Chamber Techniques 


Slow charged particles are produced in charge transfer processes in 
which the projectile gains or loses one or more electrons, and in collisional 
detachment. The collection of these particles is the basis of the method 
of cross section measurement which is of primary importance at moderate 
energies. 

Consider an ion beam passing through a collision chamber containing 
gas at temperature T and pressure P low enough to ensure that an ion 
does not make several collisions. If Jy is the beam current, the current 
of slow charged particles produced in path length / is given approxi- 
matively by 


I, =IhWo (1) 
where 
MN = IP/kT (2) 


is the number of atoms or molecules of the target gas per square 
centimeter traversed by the beam and o is the collision cross section 
concerned. Hence, o may be determined experimentally by collecting 
all the slow collision products formed in an accurately known path 
length. 

Measurements were first made with the aid of a cage electrode in the 
collision chamber, the cage having holes through which the beam could 
pass (Goldmann, 1931; Rostagni, 1935). Elastic scattering of the beam 
ions takes place through such small angles that it may be ignored. The 
effects of the positive ions and electrons resulting from ionizing collisions, 
10/1le, cancel. At high impact energies, transfer ionization, 10/02e, 
contributes to the positive charge observed and stripping, 10/2e0, to 
the negative charge. Charge transfer, 10/01, is however predominant 
at energies below a few kev. 


698 JOHN B. HASTED 


In addition to charge transfer, 10/0], a negative ion beam suffers 
collisional detachment 10/0e0. All the electrons must be collected if 
a true detachment cross section is to be measured. 

Since the slow collision products are very much less energetic than 
the primary ions it is possible to separate them by fields. This has been 
done with uniform electric fields transverse to the ion beam (Keene, 
1949; Gilbody and Hasted, 1956; Donahue and Hushfar, 1959, 1960); 
with uniform electric and magnetic fields, parallel and transverse to the 
ion beam (Wolf, 1936-1939; Hasted, 1951-1952); with a uniform 
transverse magnetic field alone; (Hasted and co-workers, unpublished 
experiments); and with crossed electric and magnetic fields, to separate 
electrons from ions (Varney, 1936; Bailey, 1960; Moe, 1956; Stebbings 
et al., 1960). 

In the transverse electric field, with no magnetic field, the slow charged 
particles follow parabolic paths to the metal plates. If the potential 
difference is only comparable with their initial energy, the particles 
will not be collected at points transversely corresponding to their points 
of formation; and under certain circumstances the path length of collec- 
tion will not correspond to the length of the collecting plates. However, 
if the potential difference is great enough the paths are almost exactly 
transverse. The achievement of saturation conditions is an indication 
of transverseness and hence of the accuracy of the collision path length. 

It is sometimes the practice (Curran et al., 1959) to measure the 
currents collected at successive condenser electrodes. This does not 
offer very great advantages. The errors in physical measurement and 
electrical alignment of the electrode system are far smaller than those 
arising from other sources, such as pressure measurement, and are 
likely to be increased by the use of several condenser electrodes. The 
statistical advantage may in any case be achieved by pressure variation. 
A check is, however, provided on the invariance of the beam composition 
as it passes through the collision chamber; and also on the absence of 
interference from end effects, and of pronounced forward or back 
scattering effects, arising at the collision chamber entrance of Faraday 
collection cage. 

It is important that a high degree of uniformity of the transverse 
electric field should be maintained in the collision region. In the con- 
denser electrode systems mentioned above there is the possibility of 
field penetration from the collision chamber walls. To avoid this, 
resistive spacers have been used by some workers (Hasted, 1951). It is 
not easy to obtain uniformity and stability with organic graphite colloid 
painted on insulator. 

The secondary electrons due to collisions of ions with metal surfaces 
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must be taken into consideration. Those from the primary ion collecting 
electrodes must be prevented from reaching the slow ion collectors. 
A transverse electric field, with or without parallel magnetic field, will 
confine them to the primary beam collector. Secondaries from the slow 
ion collectors, which are not nearly so numerous, are confined to the 
transverse lines of force. Where it is necessary, as in the measurement 
of ionization 10/lle, to separate the slow positive and negative 
charge components, the secondaries arising at the negative collector 
may be suppressed by covering the collector with an even more negative 
grid. Further secondaries arise from collisions of the primary beam 
with the edges of the entrance slit of the collision chamber. They may 
be reflected back by a negatively charged electrode behind the entrance 
slit (Keene, 1949). 

When the ions at the edges of the primary beam collide with the 
entrance slit edges they may be partially neutralized, perhaps with the 
production of metastable systems. Further neutralization may occur by 
collisions with the gas in the collision chamber. These effects are not 
normally important (Gilbody, 1956), but since neutrals may also undergo 
electron capture, 00/11, their significance must be estimated. 

The tightest control that can be kept upon the paths of charged 
particles is the control by means of parallel electric and magnetic lines 
of force. Whatever the initial path direction or energy of the particle, 
a sufficiently large magnetic field will confine it to a helical path of 
calculable pitch radius around the lines of force. It is important not 
only that the magnetic and electric fields be correctly aligned, but that 
the helical pitch radii be small compared with / the path length. If these 
conditions are satisfied there should be no difference between cross 
sections measured with or without magnetic field. This is a good test 
of the quality of an electrode system. 

It is also possible to collect slow charged products on a cylinder with 
transverse magnetic field, but no electric field. The data on angular 
distribution of collision product ions obtained by Fedorenko (1959) 
make the measurement of total charge transfer cross sections much 
easier. As is expected, the slow ions, typically, are produced within a 
scattering cone of 80°-90° to the primary beam. The definition of a 
path length by the collection of ions on a simple cylinder, (or a series 
of simple cylinders) should be adequate, even though the slow particles 
follow straight line paths which are not perpendicular to the primary 
beam. This does not necessarily apply to the electrons with unknown 
angular distributions formed in ionizing or stripping collisions. They 
can, however, be confined to transverse helices by magnetic fields which 
are too weak to have much effect upon the ion paths. An advantage of 
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this electrode system is that it requires no electric field. The high 
electric potentials (~ 2kv) necessary to separate completely the ions 
and fast electrons produced in ion-atom collisions at a few kev may be 
undesirable. Measurement of small currents at high potentials is tech- 
nically difficult (the entire electrometer must float). Moreover, the 
accelerated electrons in the collision chamber may produce further 
ionization. 

A magnetic field perpendicular both to the primary ion beam and to 
the “transverse’’ electric field applied to the condenser electrodes has 
been used in the measurements of Stebbings et al. (1960). In such a 
field configuration charged particles will follow trochoidal paths along 
the magnetic lines of force, so that the separation of electrons from 
negative ions becomes possible. The electrons, traveling in paths of 
small radii, will not be collected on the condenser electrodes; but the 
ions, traveling in paths of large radii, will hardly be disturbed by the 
magnetic field in their passage to the electrodes. 

Currents of particles are measured by the following means: 

(i) Electrometers of various types [cf. Du Bridge and Brown (1933) 
and A.E.R.E. (Harwell) Electronics Division Manual for Equipment 
1079c]. 

(ii) Thermocouples: Fast neutral particles may be detected by their 
heating effect (cf. Allison, 1958). The method is simple but relatively 
insensitive. It cannot be used if the current is less than about 10’? 
particles/sec. 

(iii) Particle multipliers: These depend upon electron emission from 
a bombarded metal surface (cf. Allison, 1958). The electrons are mul- 
tiplied by Malter effect dynodes until sufficiently numerous to be counted 
as current pulses or smoothed into direct current (cf. Pierce, 1954). 
A 15-stage silver-magnesium or beryllium-copper multiplier may have 
a gain in the 108 to 10’ region. Calibration is necessary. At impact 
energies below about 1000 ev the electron emission coefficient is so 
small that the multiplier is inefficient and difficult to use. As the impact 
energy is increased the coefficient rises to a flat maximum. It is inde- 
pendent of the charge state of the bombarding particles. 

(iv) Molecular beam detectors may be used for neutral particles which 
are of too low energy for multipliers to be efficient: Thus, neutral 
particles may be ionized on the surface of a filament and then detected 
by their reduction of the space charge limitation on a diode (Taylor, 
1929). Ionization by electron impact is now commonly used (Weiss, 1961). 

(v) Alternating current methods: A beam of particles may be converted 
into a low-frequency (30-500 cps) square-wave either electrically of 
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mechanically. Measurements may then be made with the aid of a phase- 
sensitive narrow-band amplifier, the phase discrimination being con- 
trolled by the chopper of the beam. The width of the band may be 
only 0.03 cps. Making the band narrow reduces radio noise and also 
molecular noise arising from unwanted particles in the collision chamber. 
Unfortunately, an absolute calibration of the amplifier may be difficult 
(Fite et al., 1958). 

(vi) Nuclear physics techniques: The scintillation counter (Sweetman, 
1959) and photographic plate (Chalklin and Fremlin, 1960) have been 
used in ionic collision experiments. The former is sensitive to particle 
energy. 


3 Mass Analysis Problems 


Figure | shows the essentials of an experiment in which both target 
and beam products are mass analyzed. Each of the analyses has its 
own peculiar difficulties. 

We shall first discuss the problems involved in producing mass analyzed 
ion beams of particularly low energies (down to ~ 1 ev) for use in 





Fic. 1, Mass analysis of target and beam products. 
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collision studies. It is necessary to refer to a textbook on mass spectro- 
metry (e.g., Barnard, 1952) and to the discussion of ion sources in 
Massey and Burhop (1952). 

The ion densities in the standard ion sources due to Nier and Heyl 
may be obtained either from previous designs or by measuring currents 
to a probe immersed in the plasma. The ion current drawn from the 
source may be assumed to equal that drawn by a negative probe of the 
same surface area as the source aperture; for this current the expression 
given by Bohm et al. (1949) is 


2kTe 


+ 





I, = 0.40n,A « (3) 


with A the probe area, n, and m, the ion density and mass, and T¢ 
the electron temperature. The magnetic field is of major importance 
so far as the ion density in the source is concerned. With intense fields 
high densities can be obtained. Extraction is less efficient for intense 
fields owing to the ion path curvature. The optimum field for a particular 
design of source must be found by experiment. Space charge defocusing 
is avoided by the use of a strong electric field. It has been found (Willmore, 
1955) that the current extracted from a source varies approximately 
as V3/? where V is the potential on the accelerating electrode imme- 
diately outside the source. Assuming that this is a variation with field, 
E3/2, it might be imagined that a low-energy beam could be extracted 
more efficiently by reducing the source-to-accelerating-electrode distance 
while keeping V constant. This is limited by the effusion of gas from 
the source slit, the area of which must be designed according to (3). 
The limits are such that we must expect to have to retard the beam. 
This may be done either before or after mass analysis, or both, but there 
is a lower limit set on the energy at which mass analysis may be carried 
out, determined by the energy spread in the source. 

In the case of a 180° mass spectrometer of radius of curvature p and 
potential V, relative to the source, into which a homogeneous beam of 
ions of mass m,, with angular divergence a, enters through an infinitely 
narrow slit, it may be shown that 


pra? Oo my, V3. (4) 


If the energy spread in the source is 5V,, the beam will contain ions of 
energy from Vg — 8V, to Va + 8V,. Two ion species of masses Mm 
and m, will be resolved if 


mV2, = m,(Ve, — V4) (5) 
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so that the resolving power 


My, =e Vz 
‘om 8: (6) 





If, typically, 5V is 10 ev, then to achieve a resolving power of 20 (which 
is suitable for many purposes) it is necessary that V, exceed 200 volts. 

An efficient beam extraction may be obtained by an accelerating 
electrode A at a potential of ~ 1200 volts, preceded by a focusing 
electrode F, and followed by an analysis chamber C at a potential of 
— 200 volts, both potentials relative to the source (Fig. 2). The focusing 





Fic. 2. Nier mass-spectrometer source with extraction and analysis sytem: E, electron 
beam perpendicular to plane of paper; R. repeller; F, optical focusing electrode; A, 
accelerating electrode; C, mass analysis chamber. 


cylinders should be made of magnetic screening material. When the 
focusing electrode potential is adjusted for maximum current, the 
beam is parallel at both entrance and exit to the mass analyzer. By the 
use of a fine exit slit to the analyzer, the appropriate ion velocity is 
selected. For widths S of entrance and exit slits the emergent beam 
energy spread is 


2S 





5V_, = Vo. (7) 


The divergence « of the beam must be such that 


a? < S/p. (8) 
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Retardation experiments have shown that an energy spread 5V, of 
0.5 ev can be obtained without difficulty. 

The choice of mass-spectrometer geometry for the analysis of the 
beam is governed not only by normal focusing conditions but by the 
resolving power and the need for stability. At the entrance and exit to 
the magnetic field the beam is nearly parallel, and under these excep- 
tional conditions the beam strength is proportional to slit width. In the 
180° instrument not only is the resolving power greater but there is 
also more stability. Conditions in an ion source are likely to fluctuate, 
resulting in an alteration 6V, in the energy of the beam entering the 
spectrometer. In a 180° instrument this results in a displacement dp 
given by 

dp —8Va 


p _ 2Va . (9) 





But in a 90° instrument the displacement may be several times larger, 
being given by 
dp + 16 (10) 


where /, is the distance between the collision chamber and the exit slit 
from the analysis chamber. In a small deflection instrument the displace- 
ment is less, the stability greater, but the resolution smaller. 

For the lower energy beams V, must be kept as small as possible, 
~ 100 volts, partly because of (7) and partly because serious over- 
focusing occurs in the retardation region. 

In fact, Gustafsson and Lindholm (1958) have found that a retardation 
to an energy less than 0.03 of the initial energy is not practicable in a 
lens system. 

The focal length of a single aperture at potential V with field strengths 
E, and E, in the object and image spaces is 


f = 4V(E, — E2) (11) 


(Cosslett, 1944). If the potential V of the retarding aperture is | volt, 
its focal length is short enough to dominate the lens, and may, typically, 
be much less than 1 cm (convex) reducing the beam by perhaps 10* in 
about a 10-cm path. The aperture at potential V of 100 volts has a 
much longer focal length (concave), which is far from compensating 
for the second aperture. 

It is possible to arrange a decelerating field such that the focusing 
effects of the two ends cancel, that is, such that 


fi — i fe |. (12) 
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The field has a potential of the form 
V(x) = a exp (— bx) (13) 


where a and 5 are positive constants. Such a field may be produced 
approximately by a lens of many elements connected to a resistance 
chain. Detailed calculation by Willmore (1955) of the path followed by 
an ion confirms that the deviation is much reduced. Gustafsson and 
Lindholm (1958) have found, however, that an exponential field actually 
produces more deviation than certain empirically designed apertures, 
which are shown in Fig. 3. 


2000 
or 
3000 ev 


LATERAL 


60 ev 
VARIABLE 


ae 
Cd 40 ev 


| 30 ev 


JA 


I ENTRANCE 
SLIT 
\ 


I COLLISION 
1 \ CHAMBER 
| \ EXIT SLIT 
vv 
Fic. 3. Retardation lens system designed for the reduction of ion beam energy to 
0.03 of its former energy by Gustafsson and Lindholm (1958). 


We shall now discuss the extraction of slow collision products from 
a collision chamber into a mass analyzer. This is usually achieved with 
the aid of a transverse electric field (Fig. 1). The situation is simpler 
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than in the extraction of ions from the Nier or Heyl mass-spectrometer 
source since there is no strong magnetic field in the collision chamber, 
The transverse electric field must be of sufficient strength to exceed 
by an order of magnitude the kinetic energy of the ions produced by 
collision. Owing to the angular distribution of these ions, they will 
diverge in their passage towards the extraction slit (E), and must be 
focused to form an image which itself forms the object of the (sector 
or 180°) magnetic focusing system. This is achieved by means of a 
second slit or aperture held at an accelerating potential. Ions formed 
with kinetic energy, as in the dissociation of molecules through anti- 
bonding states, may be unable to pass through such a system, but if 
they are able to do so, they will be velocity-analyzed according to (7) 
and (9). Retardation techniques may then be applied in the manner of 
Hagstrum (1951). 

Two conditions must be shown experimentally to be satisfied. Firstly, 
the extracted beam strength must be independent of the transverse 
collision chamber field, just as in total charge collection experiments. 
Second, the analysis peaks must be found to be “flat-top,” that is, 
independent of magnetic field over a certain range, when the exit slit 
is widened abnormally. Only then will the peak ion current with a 
narrow slit be directly proportional to the number of ions entering the 
mass spectrometer. The cross section for the production of a particular 
ion is only relative; calibration of the instrument against total charge 
collection measurements is necessary. Such calibration must be shown 
to be independent of secondary ion mass. 

The 180° instrument is of greater resolution than the 90° or 60° 
sector analyzers, but of no better stability. However, the sector instru- 
ments are easier to position geometrically, especially when it is necessary 
to rotate them through small angles about the collision chamber for the 
measurement of differential cross sections (§ 5). In this type of experi- 
ment the transverse electric field is omitted. 

We shall discuss briefly the mass analysis of the primary beam after 
collision (Fig. 3). It has been much employed by Flaks and co-workers 
for partial charge transfer 20/11 collisions and by Fogel and co-workers 
for double electron capture 10/12 collisions. 

The ion beam passing through a collision chamber should be as 
nearly as possible parallel or should diverge slightly from a focus before 
the collision chamber. Such a beam will emerge nearly parallel from 
a magnetic analyzer, the focusing conditions being correct when 4 
sector field is employed. The problems are therefore much the same aS 
those encountered in the mass analysis of a primary ion beam emerging 
from an ion source and accelerated to an energy of the order of kilovolts. 
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The magnetic fields are required to be of the order of 10% to 104 gauss. 
This may be achieved with less magnetic material and fewer ampere 
turns by including the pole pieces in the vacuum chamber. 

Continuous measurement and stabilization of the magnetic field can 
be arranged most conveniently by using the current from a rotating 
search coil mounted in the vacuum chamber. The most stable fields 
are those from permanent magnets. They may be varied using moveable 
shunts across the pole gap. The principle difficulty of design arises 
from the large mechanical forces to which such shunts are subject. 

In the study of double capture 10/12, the negative ions may be 
separated by mass analysis without separately designed sector instru- 
ments. Fogel and co-workers (1956-1959) have employed a collision 
chamber with transverse magnetic field intense enough for primary 
beam curvature. Similar techniques have been employed in much of 
the fast collision work described in Chapter 17. 

Finally we shall discuss the Aston peak technique, an ingenious idea, 
used by Melton and Wells (1957) and by McGowan and Kerwin (1960), 
for avoiding the need for two mass analyzers, before and after collision, 
in the study of the impact of molecular ions upon gases. 

Dissociation of ions by collision in the analysis region of the mass- 
spectrometer produces peaks at magnetic fields corresponding to non- 
integral m/e ratios smaller than those of the dissociated ion. Such peaks 
were first observed and discussed by Aston. They arise because an 
ion dissociating in collision with a gas molecule after acceleration will 
retain a velocity appropriate to the energy of the undissociated ion. 
In conventional mass spectrometers the peaks are usually broadened 
because the region in which collisions may occur is not equipotential. 
By separate pumping of the source and analysis chambers of a sector 
instrument, the two being connected only by a very fine slit and the 
source pressure being kept low, it may be arranged that collisions only 
occur in the (field-free) analysis chamber. Under these conditions the 
apparent ratio m*/e* is related to the primary molecular ion mass mp 
and charge ep and the fragment ion mass my and charge ey, by the equation 


m*/e* = miep/mpet. (14) 


In the dissociation of carbon monoxide, for example, apparent ratios 
are observed due to the following processes: 


Apparent ratio 


cot + M — Ct + 0 + M 5.14 
cot + M + C + Ot + M 9.14 
cot+# + M — Ct + O + Mt 10.28 
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4 Symmetrical Resonance Charge Transfer 


Because of the very large cross sections involved, symmetrical resonance 
charge transfer, 
Am + A» A+ Amt (15) 


is one of the simplest processes to study experimentally. The detailed 
quantal theory has been discussed in Chapter 14. We shall confine our 
attention to some approximate formulae of wide applicability. 

Firsov (1951) has considered slowt encounters between singly charged 
ions and their parent atoms. He assumes that the passage of an electron 
from the atom to the ion is unlikely unless the internuclear distance 
becomes less than the value Ry of p which makes ¢ of (181) of Chapter 14 
equal 1/:, but that then the passage occurs readily. On this model the 
probability of transfer oscillates rapidly between 0 and 1 for impact 
parameters up to Ry, the mean probability in this range is 0.5, so that 
the charge transfer cross section is 


o= 47Ri. (16) 


Supposing the active electron to be in an s orbital, denoting the energy 
to remove it by J and taking the radial wave function to be of the form 
7” exp (— ar) with 





y = (mee*/2h71)/? [if electron in Coulomb field] 17) 
=0 [otherwise] ( 
a = (2mel/f2)1/2. (18) 
Firsov showed that Rp satisfies the approximate equation 
1 
~ 4 = 3 =. (273)! Pah 
ay — (27 — 3) InaRy — B= In A + In eres ma | (19) 


where A is a normalizing factor (put equal to unity for singly charged 
ions) and v is the velocity of relative motion. 

The cross section obtained for the H+H reaction from Firsov’s 
theory* is compared with the laboratory data of Fite et al. (1958) in Fig. 4. 


t Slow signifies that the velocity of relative motion is much less than the electron orbital 


velocity. 
+ Acknowledgement is made to Mr. Antony Lee for carrying out the computations 
from (19) described in this section. 
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E Vev 


Fic. 4. H+H resonance charge transfer: A (Fite et al., 1958); F, Firsov formula 
(with A unity); F’, Firsov formula (with In A unity). 





fe) 20 40 60 80 


Fic. 5. K+K resonance charge transfer: B (Bydin and Bukhteev, 1960); F, Firsov 
formula (with A unity). 





Fic. 6, HetHe resonance charge transfer: GH (Gilbody and Hasted, 1956); GS 
(Ghosh and Sheridan, 1957); D (Dillon ez al., 1955); Da (Dalgarno, 1958); P (Potter, 
1954); L (Lindholm, 1960); F, Firsov formula (with A unity). 
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The agreement is not very good. It is improved if In A rather than A is 
put equal to unity. 

Figures 5-8 give the Firsov and experimental cross sections for the 
K+K, He+He, Ne*Ne, and Ar*Ar reactions. The last two do not involve 
s orbitals (as assumed in the theory), but this does not seem to make 
the accord any less satisfactory than it is in the other cases. 








Fic. 7. Ne*tNe resonance charge transfer: key as for Fig. 6 with FS (Flaks and 
Solov’ev, 1958). 








_L_ 
Oo 20 40 60 80 
Vev 


Fic. 8. Art+Ar resonance charge transfer: key as for Fig. 6 with R (Rostagni, 1935); 
H (Hasted, 1951). 


Firsov’s theory may be applied to negative ion charge transfer. For 
the H-H reaction the agreement with the results of the detailed quantal 
calculation of Dalgarno and McDowell (1956) is essentially complete. 

One of the important predictions of Firsov’s theory is that the cross 
section a is largely controlled by the ionization potential J provided the 
velocity of relative motion v is not extremely high. The prediction has 
strong experimental support even for double and triple charge transfer 
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reactions (which the theory was not designed to cover). Arbitrarily 
taking v to be 10’ cm/sec we have plotted o vs. J over two decades in 
Fig. 9. 

It is shown in Chapter 16 that the laboratory data on the mobility 
of an atomic ion moving in its parent gas can be analyzed to yield 
charge transfer cross sections. Table II compares some cross sections 





3 5 10 20 30 50 100 200 
I ev 


Fic. 9, Resonance charge transfer cross section at velocity of relative motion v of 
10’ cm/sec plotted against ionization energy I of atom: ©, experiment; @, Firsov’s 
formula (with A unity). 1, K*K (Bydin and Bukhteev, 1960); 2, Hg+Hg (Palyukh and 
Sena, 1950) extrapolated; 3, Xe+Xe (Flaks and Solov’ev, 1958); 4, H+H, Fite et al. 
(1958); 5, Kr+Kr (Flaks and Solov’ev, 1958); 6, Ar+Ar (Flaks and Solov’ev, 1958; 
Gilbody and Hasted, 1956); 7, NetNe (Gilbody and Hasted, 1956); 8, HetHe (Gilbody 
and Hasted, 1956); 9, Xe*+Xe (Flaks and Solov’ev, 1958) extrapolated; 10, Krt++Kr 
(Flaks and Solov’ev, 1958) extrapolated; 11, Ar++Ar (Flaks and Solov’ev, 1958) extra- 
Polated; 13, Xe®+Xe (Hasted, unpublished data); 14, Kr®+Kr (Flaks and Filippenko, 
1960) extrapolated; 15, Ne*+Ne (Flaks and Filippenko, 1960) extrapolated. 
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derived in this way by Dalgarno (1958) with the corresponding values 
given by Firsov’s theory. Clearly Firsov’s theory yields cross sections 
which are somewhat smaller at low energies than those suggested by 
the mobilities. 


TABLE II 


COMPARISON OF RESONANCE CHARGE TRANSFER Cross SECTIONS o CALCULATED 
FROM Firsov’s THEORY? WITH THOSE DEDUCED FROM MOBILITIES BY DALGARNO 








H D He Ne Ar Kr Xe 
Firsov (10-26 cm?) 53 57 30 41 65 78 97 
Dalgarno (10-16 cm?) 60 70 36 41 14 91 109 


With A taken to be unity. Impact energy 0.1 ev 


Fetisov and Firsov (1960) have extended Firsov’s theory to cover 
reactions involving doubly charged ions. They took the wave function 
to be of the form exp [— a(7, + 7,)] where 


‘= + (2me(Iy + I)}, (20) 


I, and J, being the first and second ionization potentials. Substituting 
approximations to the corresponding 
LCAO energies in (181) of Chapter 14 they 
hence found the distance Ry already 
defined. Figure 10 compares the calculated 
values of «2c with laboratory data on the 
inert gases obtained by Flaks and Solov’ev 
(1958) and by Hasted and his co-workers 
(unpublished). It is to be noted that the 
. _— : measured cross sections correspond to 4 
110 510'110' 5101 combination of single and double charge 





\ecm/ sec transfer: 
Fic. 10. Comparison of cal- F = 9% 2 + $ 20%11- (21) 
culated results of Fetisov and . . ‘ 
Firsov(1960) on a2o for resonance Charge transfer reactions involving 


20/02 reactions with experimental homonuclear diatomic molecules, X32 Xp 
data of Flaks and Solov’ev (1958) and XzXo, are only in energy resonance if 
(x, Ne; O, Ar; A, Kr; Xe) the equilibrium nuclear separation is the 
and of Hasted (unpublished) (+ , é “4 this 
He; @, Ar) same in the two charge states. Even in thl 

, case the higher vibrational levels do not 


correspond. Hence, the measured charge transfer cross section would not 
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be as large as might at first be expected, should a considerable fraction of 
the molecular ions in the beam used be vibrationally excited (as is likely). 

The equilibrium nuclear separations in the two charge states are in 
general different. Application of the Franck-Condon principle indicates 
that the energy defect of the reaction ranges from zero to F,-E, if the 
ion is initially in the highest vibrational level which can be reached 
in this way (Fig. 11). The type of cross section function which arises 
may be seen from the experimental data on the HZH,, O30O,, and 
O,O, reactions (Hasted and Smith, 1956; Gilbody and Hasted, 1956; 
Lindholm, 1960). Apparent discrepancies between sets of data may be 
due to the molecular ions studied being vibrationally excited to different 
degrees. 

Using an approximate form of (181) of Chapter 14, Gurnee and Magee 
(1957) have carried out calculations on resonance charge transfer in the 
inert gases and in some diatomic gases. In general their cross sections are 
rather higher than those obtained from Firsov’s theory. 





H 














Os iF [ 
10 20304060 100 
Vev 
Fic. 11. Potential energy curves Fic. 12. Charge transfer cross 
showing transitions between a di- section functions for H*, Hy, and 
atomic molecule and its singly Het in neon: (H, Hasted; S, Stede- 
charged ion in the case where the ford) Stedeford and Hasted (1955). 
equilibrium nuclear separations are 
different. 


Charge Transfer Reactions between Unlike Systems 


Typical cross section functions for single charge transfer 10/01 
between unlike systems are shown in Fig. 12. 
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The velocity of relative motion vm at which a single charge transfer 
cross section function passes through its maximum is generally deter- 
mined by the energy defect 4E through the approximate relation 


Vm/a = | 4E \/h (22) 


where a is a length of the order 7 x 10-® cm (Massey, 1949; Hasted, 
1952, 1960). The region where v < Um is termed the adiabatic region. In 
it the cross section function has the form 


10% = Cexp(— a| 4E|/4hv), (23) 


C being a constant (dependent on the particular reaction). 
Laboratory data may be complicated by the presence of metastable 
ions in the beam and by the formation of excited collision products. 
An example of the anomalies which may arise from metastable ions 
is shown in Fig. 13, where a cross section function obtained with normal 
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Fic. 13. Comparison of LitAr 10/12 cross section functions for ground state and 
partly excited Lit ion beams (Fogel et al., 1959). 


Lit ions from a surface ionization source is compared with the corres- 
ponding cross section function obtained with Lit ions from an electron 
impact source (Fogel ef al., 1959). The detection of metastable 
ions by retardation techniques (Hagstrum, 1960) may be of value in 
future studies. 
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Reactions in which the collision products are excited have been 
investigated using optical methods. It has long been known that slow 
collisions between He+ ions and Cd atoms produce Cd II lines, the 
strongest being those resulting from 10/01’ reactions in close energy 
balance. The 10/0’1 reaction between 4-kev He+ ions and Ne atoms 
leading to He (1s3p'P) has been reported by Kondratiev (1960). Other 
10/0’1 reactions have been reported by Carleton and Lawrence (1957, 
1958) and by Sluyters et al. (1958, 1959). 

Extensive studies of charge transfer between ions and molecules, 
including N,, O,, CO, H,S, NH;, and C,H,OH, have been carried 
out by Lindholm (1953, 1954, 1959, 1960). 

If the equilibrium nuclear distances in the two charged states are 
not the same, ions formed in the source by the impact of electrons with 
neutral molecules will be vibrationally excited and the recombination 
energies which are released in vertical transitions, if the ions revert to 
molecules in charge transfer collisions, may have a considerable spread 
(Fig. 11). The experimental data which Stedeford and Hasted (1955) 
obtained in their studies with H} beams in inert gases are consistent 
with this picture. 

Dissociative charge transfer may result from transitions to a bound 
state if the dissociation limit can be reached without serious violation 
of the Franck-Condon principle; or they may result from transitions 
to an unbound state. The observation of collision products with kinetic 
energy has not yet proved possible in the mass spectrometers employed 
in such experiments. 

Fogel and co-workers (1956, 1957) have applied rule (22) to the 
00/T1 and 10/12 reactions. They found the parameter a did not have 
the typical value (7 x 10-°cm). The reactions are, however, in 
a special class. Owing to the long-range Coulomb forces which enter, 
the effective energy difference is not the energy difference AE(o) at 
infinite nuclear separation but is the energy difference E(Rerr) at a 
separation Retr determined by the empirical equation 


Retr = 0.92 (Z, + Z,)!/8 (atomic units) (24) 


in which Z, and Z, are the atomic numbers of the colliding systems 
(Hasted, 1961). For the (n — 1)0/TIn reaction, this energy difference is 
given by sss 


AE(Rett) = |4E(@) — R= 


ev. (25) 





If the values of 4E(Rerr) obtained from (25) are used in (22) it is 
found that the parameter a becomes about 7 xX 10-§cm for 00/11 
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reactions (as it is for 10/01 reactions) and about 3.5 x 10-8 cm for 10/T2 
reactions. Drukharev (1960) has shown that 


where gm is the momentum transferred. The fact that the value of a 
in the case of two-electron capture is about half the value of a in the 
case of one-electron capture is thus understandable. 

On taking Ref: from (24) and using the experimental polarizabilities «, 
we can calculate the polarization energy 


Epolar = ae?/2Rért. (27) 


If allowance for this is made, the conformity of single-charge transfer 
data to the maximum rule (22) and to the rate of rise rule (23) is im- 
proved (Hasted, 1961). 

For a number of processes (e.g., NetCO, Ar+Kr, NetAr, C+Kr, 
Xe+C,H,) the cross sections in the adiabatic region are larger than would 
be expected. Some of these anomalies may be due to single or multiple 
crossovers (§ 6). In polyatomic collisions such as Xe+C,H, a complex 
may be formed which ultimately dissociates into components (Burton 
and Magee, 1952). 


6 Crossovers 


Some cross-section functions are seemingly anomalous in the low- 
energy region (cf. Fig. 14). This may 
be due to a pseudocrossing of potential 
energy curves. Such pseudocrossings 
or crossovers are common in cases 
where both the collision products or 
both the reactants are charged (but 
are not confined to these cases). In 
an n0/(n — 1) 1 reaction which is 
exothermic by JE ev the nuclear 
separation at the crossover is approxi- 
mately 


R, = [27.2(n — 1)/4E] atomic units. (28) 





Fic. 14. Kr?+Ne 30/21 cross section 
function: H (Hasted et al., 1960); F The Landau-Zener formula gives the 


(Flaks and Filippenko, 1960). maximum cross section to be 


Omax = 1.4pR? (29) 
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where p is a certain statistical weighting factor. Furthermore, it expresses 
in terms of known quantities the parameter 


€ = 4U(R,)*/Emax (30) 


where 4 U(R,) is the energy separation at the crossing and Emax is the 
impact energy at which omax occurs (Boyd and Moiseiwitsch, 1957). 
The Landau-Zener formula is now believed to be seriously in error— 
especially if other than s orbitals are involved (Chapter 14, § 3.3). Never- 
theless, it is to be noted that the measured maximum cross sections are 
within the limits of (29); and that the values of 4U(R,,) obtained by sub- 
stituting the observed Emax in (30) are of the order suggested by quantal 
calculations. The complications that arise from the presence of excited 
systems (Hasted et al. 1960) and the paucity of the data make further 
generalization unprofitable at present. 


7 Negative Ions and Collisional Detachment 


The detachment of electrons from negative ions in collisions with atoms 
or molecules 


A~ +B+>A-+e +.B (10/0e0) (31) 


may be studied experimentally by the collection of the electrons. It is 
unnecessary to separate these from negative ions in the energy region 
below 2 kev if the system B does not readily form a negative ion. 
Hasted (1952, 1954) and Dukelskii and Zandberg (1954) have measured 
detachment cross sections by the straightforward slow-charge collection 
technique. 

Bailey (1960) has designed electrodes for cases in which charge 
transfer T0/OT is possible. The primary beam is surrounded by two 
cylindrical grids, the inner one to screen it electrically, the outer one to 
accelerate the negative particles. Plates are arranged outside this as in 
the vanes of a paddle steamer. Potentials varying at a frequency of 
Several megacycles are applied to alternate vanes to filter out the elec- 
trons. In their study of H-H collisions Stebbings et al. (1960) separated 
oe electrons from the negative ions with crossed electric and magnetic 

elds, 

The total electron production cross section function for H-H colli- 
Sions at impact energies of a few kev and higher is presumably to be 
attributed to normal detachment 70/0e0 with contributions from 
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T0/Oele and T0/lee0. It lies above but is of the same form as the function 
obtained by McDowell and Peach (1959) using the Born approximation. 
At low (less than about | kev) energies the measured function is rather 
similar to a resonance charge transfer cross-section function (Fig. 15). 
A pseudocrossover is probably involved enhancing both 10/0e0 and 
T0/Tle. Bates and Massey (1954) have discussed the mechanism (cf, 
Chapter 14, § 3.4). 


H O Ne 





0 40 80 120 
Sev 


Fic. 15. Collisional detachment cross section functions: H (Hasted, 1952); D (Dillon 
et al., 1955); HS (Stedeford and Hasted, 1955); HSF (Hummer ez al., 1960). 


Detachment cross-section functions (Fig. 15) exhibit flat maxima at 
an impact energy of about 2 kev or rather lower (Hasted, 1952; Bydin 
and Dukelskii, 1957). It has been observed (Gilbody and Hasted, 1958) 
that the maximum value of all heavy negative ion detachment cross 
sections at present known is proportional to the reduced mass of the 
colliding systems. 

Fogel et al. (1957) have reported that the cross section for double 
detachment, T0/lee0 or 10/leI, though much less than that for single 
detachment I0/0e0 is not as small as might be expected. 

Negative ion charge transfer has been studied by Muschlitz (1957). 
The O7O, reaction behaves in the normal symmetrical resonance 
manner. 
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1 Introduction 


The discussion in this chapter is confined to collisions in which the 
number of electrons bound to a high-energyt atomic projectile is 
changed. Investigations on the final state of the target are not considered. 


2 General References and Previous Collections of Data 


The first quantitative experimental data on the probability of charge 
changing collisions and on equilibrated charges were obtained by 
Henderson (1922) in connection with the singly charged component 
Het which exists among «-particles emitted from radioactive sources. 
This was followed by an important paper by Rutherford (1924), and 
further contributions by Kapitza (1924), Henderson (1925), Briggs 
(1927), and Jacobsen (1927). An account of this early work on «-particles 
ranging in energy from 406 to 7680 kev appears in the book “Radiations 
from Radioactive Substances” (Rutherford et al., 1931). 

The first quantitative work with artificially produced projectiles 
(protons) in our energy range seems to have been done by Bartels 
(1930) and reviews of this and other early work have been written by 
Riichardt (1933) and by Geiger (1933). These articles appeared in the 
“Handbuch der Physik.” 

Several postwar reviews whose main emphasis is on experimental 
techniques and results have appeared. The earliest of these is in “Elec- 
tronic and Ionic Impact Phenomena” (Massey and Burhop, 1952). 


t The lower limit of the kinetic energy is rather arbitrarily taken to be 0.2 kev. 
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Charge changing collisions were also discussed in an article by Allison 
and Warshaw (1953). A complete summary of the then existing data 
on hydrogen and helium projectiles in our energy range has been 
prepared by Allison (1958c). 

The theory and experiment of charge changing collisions have been 
discussed at several international conferences, such as those at Venice 


(1957), New York City (1958), Gatlinburg (1958), and Uppsala (1959). 


3 Mathematical Description of Charge Changing 
Probabilities; Notation 


There is a certain probability that a projectile having an electric charge 
of ze where 7 is a positive or negative integer or zero, and ¢ is the negative 
of the electronic charge, will scatter into an element of solid angle dQ, 
having suffered a charge change from 7e to fe. We can regard this pro- 
bability as depending on the angle 0, which the scattered particle makes 
with its previous forward direction and we can express it by the 


differential cross section 
do ,,(6)/dQ. (1) 


The total cross section is then given by 
oy = 2m f ” [do 4(6)/dQ] sin 60. (2) 
0 


Hasted designates by ,,;0,, the cross section for the process 
P(ie) + T(v'e) > P( fe) + T(f'e) (3) 


in which the charges on the projectile and target change from te and 
'e to fe and f’e, respectively. Since this chapter is concerned with events 
in which 7’ and f’ are not measured, the simpler form ,o, or o,, seems 
sufficient. 

For a large category of charge changing events, namely, those in 
which the number of electrons lost or gained is small, essentially the 
entire contribution to the integral of (2) comes from a very small angular 
Tange in @, near zero. A rough classical picture of a case in which one 
electron is stripped off the projectile indicates that the maximum angular 
deviation would be approximately 2m/M where m is the electronic, 

an atomic, mass. Thus, the entire contribution to (2) would be from 
Values of @ less than 0.001. We shall see an experimental confirmation 
of this in that doy,/dQ for He+ has been measured as a function of angle 
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by Everhart and co-workers. Computation of o,, by (2) yields values 
of the total cross section which agree with those measured by beam 
attenuation methods in which the defining apertures limited the beam 
to an angular spread comparable to this classical limit. A similar agree- 
ment was found in the capture cross section o,) measured in both ways, 

It has unfortunately become customary in the case of the diatomic 
elementary gases as target particles, to express cross sections per atom 
of gas by dividing by 2 the measured cross sections per molecule. 
This practice began with the early postwar work with hydrogen target 
gas, when it was wrongly anticipated that the proton projectile cross 
sections would be compared with theoretical calculations of protons 
capturing electrons from hydrogen atoms. The system cannot reasonably 
be extended to target gases with molecules such as CO, CH,, NHsg. 
In this chapter we shall give cross sections per atom for the noble 
gases and the elementary gases with diatomic molecules, but cross 
sections per molecule for other cases. 

A frequent experimental situation in work on charge changing colli- 
sions is schematically illustrated in Fig. 1. A unidirectional (at least 
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Fic. 1. Schematic experimental equipment for charge equilibration of an ionic beam. 


within the limits mentioned above) monoenergetic ionic or atomic 
beam has been prepared and is moving in high vacuumt* toward 4 


t In this context, “high vacuum” means a pressure low enough so that the mean free 
path for a charge changing collision is large (by a factor of 10, say) compared to the path 
length in vacuum which is limited by the dimensions of the apparatus. A cross section 
of 200 x 10-17 cm? is large for charge changing. If the dimensions of the apparatus 
are comparable to 1 meter, the condition is met by a pressure of < 5 xX 10-* mm Hg. 
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compartment into which a target gas may be introduced. The “prepared”’ 
beam has a known composition; in most cases it consists entirely of 
atoms or of ions all of the same charge. The beam passes through the 
compartment, called the converter cell or the equilibration chamber, 
and emerges into high vacuum, where it is deflected electrically or 
magnetically and thus analyzed into its charged components. 


Notation 


F, Let the charge composition of the prepared beam be expressed by a set of frac- 
tions F, where z is a positive or negative integer or zero, and each F, corresponds 
to the fraction of particles in the beam with charge ze. 


F; Similarly, let the charge composition of the beam emerging from the converter 
cell be specified by a set of fractions F;. 
F; As the pressure of gas in the converter cell is raised, each F, will eventually reach 


a plateau, at a value F;,, characteristic of the equilibrated beam. 

P(z, i) and N(z, 7) are certain functions of the cross sections which appear as coefficients 
of exponentials in the expression for F,; in the case of a beam in which all the 
particles had charge ze initially. 

b Pressure in microns of mercury. 

I Length of path in centimeters in the converter cell or in a compartment where 
cross sections are measured. 

Hy Absolute temperature. 

R Gas constant, 6.24 x 107 » xX cm */mol °C. 

é Number of atoms per molecule for the diatomic elementary gases (otherwise 


unity). 
7 Number of atoms per cm? traversed by the beam in noble and diatomic elementary 
gases (otherwise, number of molecules per cm?). 
We have 
Ag 
= — (pl 4 
7™=2r (pl) (4) 
which at 20°C may be written 
a = 3.30 x 10'% (pl). (5) 


The number of charged components in a projectile beam which 
play any significant role in the phenomena observed at a fixed particle 
velocity is limited. If the charge changing collisions of a prepared beam 
of protons (F, = F, = 1) in the kinetic energy range 100-500 kev are 
under investigation, two components are sufficient since neutral atoms 
and protons are the observable constituents (i = 0,1). The charge 
changing cross sections for a two component system in which the com- 
Ponents differ by one electronic charge are characterized by o,, with 
fsee ft 

For a two-component system with 7 = 0,1, consider the change 
aF, produced in the neutral fraction of the beam emerging from the 
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converter cell (Fig. 1) as the pressure is raised by dp. The rise in pressure 
will cause a corresponding increase dz in the number of target particles 
per cm?; thus, 

dF, = — dF, = (— Foe; + Fyo 49) dz. (6) 
In a form which can conveniently be generalized to the three-component 
case discussed below, the solution may be summarized in the expression 


Fy, = Fig + P(z, t) exp [— m(o91 + o49)]; t=Oorl. (7) 
The integration constants F;,, are 
Foo = 19/(F01 + %10)5 Fy = F1/(G01 + 10): (8) 


The two important cases (a) where the prepared beam is all atomic 
(F, = Fy = 1) and (b) where it is all ionic (F, = F, = 1) lead to the 
values of P(z, 2) shown in Table I. 

TABLE I 


VaLues OF P(z,7) In Eg. (7) For Two-CoMPoNENT SYSTEM 


Condition of the Values of P(z, 7) 











initial beam i=-0 ae | 
All neutral P(0, 0) = Fie P(0,1) = — Fin 
All charged P(1, 0) = — Fyn P(1, 1) = Fro 


At kinetic energies above 1000 kev, the charge changing phenomena 
in a prepared projectile beam of Het or Het+ are describable in terms 
of these two components. The relevant cross sections are oj. and 4. 
The two-component equations, (7) and (8), and the values of P(z, i) 
easily transform to this case by increasing each numerical subscript or 
index by unity. Thus, the equations may be quickly modified for the 
discussion of any two-component system with f = 7+ 1. 

The charge composition of a three-component system in which 7 = 0, 
1, or 2 can be similarly studied in terms of the differential equations 


dF y/dx = — F(o91 + 2 + 920) + F3(219 — 920) + S20 (9) 
dF [dx = Fo, — on) — Fy(oy9 + O12 + 21) + O21 (10) 
and the relation F, = 1 —(F, + F). (11) 


It is convenient to introduce new constants which are linear combinations 
of the cross sections 


@ = — (049 + O42 + 423) fF = (419 — 229) 


b = (a9, — 221) = — (91 + O92 + O29) (12) 
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giving 
dF [dx = gF, + fF, + o29 (13) 


dF,|/dx = bF, + aF, + oy. (14) 


The solutions of physical interest are 


Fi, = Fin + [P(2, t) exp (7g) + N(z, i) exp (— 79)] exp(— 37 Loy) (15) 
in which 
g=+4hle—aP + a0fpe (16) 
and 
Loy = —(a +8). (17) 
From the form of (15) it is clear that the interpretation of F;,, as the 


asymptotic limit of F,(7) with increasing 7, is consistent with its defini- 
tion as previously given, provided 


4 Loy > q. (18) 


This is a necessary condition for solutions of interest, since without it 
certain F,’s would either go negative or become infinite as 7 is increased. 
These equilibrated beam fractions can be expressed in terms of the 
fundamental cross sections by equating (9) and (10) to zero. They are 


Foo = (foe — a029)/(ag — Of) (19) 

Fy = (b029 — gom)/(ag — of) (20) 

Foo = [o29(4 — 6) + (4 + om) — f(b + on)]/(ag — Of). (21) 

The coefficients P(z, 7) and N(z, 7) depend in value on the composition 
of the prepared, incident projectile beam (i.e., on index z) and on the 


component (7) in the converted beam under consideration. Table II 
gives their values. For brevity, the symbol 


ae 

is used in the table. mae i a 
The following useful relations between the P’s, N’s, and F;,,, values 

result from the condition that at 7 = 0 the beam emerges unchanged 

from the converter cell and consists entirely of one charge component: 


Fi. = —[P(z,i) + N(x, i]; = Hi, (23) 
1 — F,. = [P(z, 1) + Mz, 1)]; 2 = (24) 
The three-component solution outlined above is easily generalized 


to any such system characterized by values of 7 which are successive 
Ntegers. It is only necessary to add or subtract an appropriate integer 
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to each numerical index or subscript. Thus, for the hydrogen system 
in the lower part of our energy range, where the charge states H-, H?®, 
H+, are observed, the integer to be subtracted is 1; for example, (19) 
becomes 


Fy = ( foy9 — 4043)/(ag — Of) (25) 
with 
a = — (097 + 9) + O49), (26) 


etc. obtained from (12). 

It is useful to consider charge changing cycles, at least in a two- 
component system where (in the absence of complicating factors such 
as capture into metastable states) they have a unique interpretation. 
The cycle consists in the following sequence of events. A projectile 
particle of charge ze changes charge to fe in a collision. Subsequently, 
in its path it undergoes the f — 7 type of collision and the cycle is com- 
pleted. On the average, the distance for the completion of the cycle is 
the sum of the mean free paths for the two types of collisions. Thus, 
we may speak of a cross section for cycle completion 


Ge = O40 y;/(Oi¢ + O7;)- (27) 


This concept is useful in discussing the contributions of charge 
changing collisions to the total stopping power losses incurred in 
traversing the medium. 


4 Experimental Equipment and Methods 


The experiments on the charge composition of ionic and atomic beams, 
and on the total cross sections for change of charge when one does not 
inquire into the changes in the target particles or the detailed electronic 
configurations of the projectiles, can be carried out with simple apparatus. 
The measurement of angular distributions of post-collision, charge 
changed projectiles involves some increase in complexity. 


4.1 DETERMINATION OF RaTios F;,, AND F; 


4.1.1 Equilibria in Gases 


In certain very simple cases it is possible to measure the charge 
Composition of a beam without sorting it into its components by electric 
or magnetic deviation. For instance, if in a projectile beam only a 
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neutral and a singly charged component exist, a change in the current 
collected by a Faraday cup will reveal a change in F,, and the current 
at high vacuum is proportional to F, + Fy. The danger here is that 
admission of the target gas may scatter some of the beam out of the 
detector aperture, giving erroneously low values of F;. 

In the more general procedure, the beam emergent from the equili- 
brating gas chamber, or from a solid foil, is sorted into charged compo- 
nents by a variable, transverse, magnetic or electric field, and by changing 
the field each charged component is directed to a detector. If there are 
nm components, a measurement of (m — 1) independent ratios F; will 
determine the F’s, since UF; = 1. In this case, an error may arise if a 
particular component F; should be elastically scattered out of the beam 
miore than some other charge (cf. Allison, 1958c). 


4.1.2 F, Measurements from Single Scatterings into Large Angles 


The experiments previously mentioned concern highly collimated 
beams, from which projectiles scattering with angular deviations greater 
than ~ 0.06° are excluded. 

The scattered projectiles from collisions involving much greater 
scattering have been collected at various angles and their F, values 
determined. These are not equilibrium distributions; on the contrary, 
they are the results of single collisions. The apparatus and methods, 
which are largely due to Everhart and his associates, are discussed in 
§ 4.4. 

To avoid confusion, it must be pointed out that the F; values for the 
totality of beam particles scattered and collected at a fixed angle 6 are 
not related to the charge changing cross sections through equations 
such as (6) or (9), (10). Thus, in the scattering of a proton beam into 
5° the event whose probability is o); does not enter; the generating 
events are oy) and 04, the latter a scattering without change of charge. 


4.1.3 Equilibria in Beams Emergent from Solids 


Simplification is possible if solids are used for charge equilibration, 
in that differential pumping is not necessary, for in most cases no gas 
need be admitted to the system. The early experiments with «-particles 
(Rutherford, 1924) were done by interposing mica or metal foils between 
radioactive source and scintillator. In the more recent researches 00 
accelerated particles (Hall, 1950; Phillips, 1955; Reynolds et al.» 
1955a; Teplova et al., 1957; Nikolaev et al., 1957; Northcliffe, 
1960), the ion beam is passed directly through a foil, whose plane 
is perpendicular to the beam direction. The undeviated, emergent 
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beam is analyzed electrically or magnetically for its charged components, 
the neutral component usually being obtained by subtraction. 
Dissanaike (1953) in his research on the equilibration of helium 
beams in metal foils, used a different technique which is illustrated in 
Fig. 2. The beam of He*+ ions from a Van de Graaff accelerator entered 


To analyzer 
3 detector 


~s 


neutral «--»--==--j--- Rano s 
detector 





Fic. 2. Equipment used by Dissanaike (1953) for the study of the composition of 
helium beams emergent from solids. 


the measuring equipment through the defining slits SS and impinged 
on the foil, which was placed in a plane at 45° to the beam direction. 
The foils were sufficiently thin (0.03-0.07 cm air equivalent) so that 
most of the beam was transmitted, and measured as a current in the 
Faraday cup Fc. The analysis of the charge components was performed 
on the particles which scattered through 90° and passed through the 
foil, toward the analyzing magnet M. The particles which scattered 
through 90° and emerged from the surface of the foil first encountered 
by the beam were used to monitor the intensity, and their scintillations 
on a ZnS screen were electrically amplified in a photomultiplier tube 
and counted. Since the kinetic energy lost in scattering at 90° is depen- 
dent on the mass of the target atom, the adjustment of the magnetic 
field for the analysis of the charged components could ensure that the 
particles had been scattered by the foil material (Be, Al, or Ag) and not 
by carbon or oxygen on the foil surface. 

In the case of the neutral beam, the less energetic particles scattered 
from C and O could be distinguished from those deflected by Al and 
Ag by stopping them in foils placed in front of the detector. This 
Scattering technique reduced beam intensities to the point where the 
analysis could be carried out by the method of counting single particles. 

In planning an experiment, the question often arises as to what foil 
thickness is sufficient for charge equilibration of an ionic or atomic 
beam. We may make estimates as follows. Consider an estimate of the 
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thickness of dluminum foil necessary to bring a beam of doubly charged 
alpha particles of 6780 kev to charge equilibrium in which, judging 
from the known ratios in air (Table XIV) F,,, = 0.995 and F,,, = 0.005. 
Since values of o,. and o,, in air are known (‘Table XIX), we can calculate 
the number of atoms per cm? which the Het+ must traverse before 
F,/F,.. = 0.90. By adding unity to each subscript and index in (7) 
and Table I we find this number to be 


mett = (log, 10)/(oy2 + 02). (28) 


Since oy. = 1.7.x 107-27 cm?, o.; = 0.0084 x 10-1? cm’, we obtain 
mett = 13.4 x 10'6 atoms of air per cm?. Assuming the same number 
of atoms of Al are necessary, the equivalent Al foil has a thickness of 
220 A. Little is known of the mechanism of charge changing in metals; 
furthermore, the estimate neglects any density effect (cf. § 16.1) which 
would decrease the necessary thickness. However, it would seem that any 
usable foils are amply thick for equilibration; the example was chosen 
as one which would give a relatively large value of ets. We may conclude 
that if the final 100 A or so traversed by the beam as it leaves the foil 
are in an environment (surface contamination, different density) different 
from the foil interior, the equilibrium will be characteristic of the surface 
rather than the material of which the foil is presumably composed. 
Experiments by Phillips (1955), to be discussed later, confirm this 
analysis. 


4.2 DETECTORS 


A deep Faraday cup which the beam enters through an opening 
subtending an angle =< 10-® sterad at any point on the inner wall of 
the cup that may be struck by the direct beam is probably the most 
reliable detector of the current transported by the beam. If properly 
constructed, the current it registers should be independent of the sign 
and magnitude of its bias potential (region: + 100 ev) with respect to 
other adjacent conductors. In experiments performed by the authors, 
a beam 0.2 cm in diameter entered a hollow, metallic, cylindrical cup 
through its open end of diameter 0.83 cm. The depth of the cup was 
6.3.cm (probably excessive). Its response was independent of bias 
within the limits indicated. 


4.2.1 Secondary Electron Detectors 


In secondary electron detectors the ionic or atomic beam is measured 
by allowing it to strike a metal surface which can “see” other conductors 
in the vacuum, and which is biased electrically negative with respect 
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to them. In our kinetic energy range, ionic or atomic particles will 
eject secondary electrons from the metal; these contribute a current 
which is equivalent to one which would result from additional positive 
ions impinging on the electrode. Thus, in the detection of a positive 
ion beam the true current is enhanced; for a neutral beam a positive 
current is provided, and the true current from a negative ion beam is 
diminished in magnitude and may even be reversed in direction. The 
ability to detect neutral beams is an advantage of these detectors, but 
there are also many possible sources of error in their use. 

If the intensities of ionic beams of different charge composition are 
being compared, the number of secondary electrons per incident particle 
for each charge state of the projectiles must be known, or the beams 
must be charge equilibrated by passing through a foil or a gas converter 
cell before they are detected, common velocity being assumed. 

If beams of different charge are being compared, and each is directed 
to the detector by the requisite electric or magnetic field, it must be 
established that the detectors’ response is independent of the change in 
field from beam to beam. This is especially serious if the field is magnetic 
—there may well be a stray field at the detector which will affect the 
easily deviable secondary electrons. 

The secondary electrons may ionize any gas near the detector, thus 
causing a spurious current to it because of its bias. If the gas pressure 
is changed in the detector compartment as in a cross section measure- 
ment, or because of gas effluent from the converter cell, the sensitivity 
to gas pressure of the detector must be investigated. A more detailed 
discussion of secondary electron detectors is available elsewhere (Allison, 


1958a). 


4.2.2 Calorimetric Detectors 


Detectors which respond to the calories per second of heat developed 
when the ionic or atomic beam is stopped have been used by many 
investigators in this field: Rudnick (1931), Snitzer (1953), Fedorenko 
(1954a), Stier et al. (1954), Fogel’ et al. (1957), Curran and Donahue 
(1959), Allison et al. (1960a). Their usefulness depends on the fact that 
it is almost always true that the values of (pl) or atoms/cm? through 
which ion beams are charge converted and equilibrated are so low that 
there is no appreciable diminution of their kinetic energy through the 
Stopping process. Thus, at energies large compared to the energy release 
On electron capture, the response of a detector which measures the 
Calories per second generated in stopping the beam should be inde- 
Pendent of its charge state. 
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Absolute measurements of the power of an ionic or atomic beam are 
in most cases not necessary. The temperature attained in radiative 
equilibrium by a conductor of small mass (to avoid long time constants) 
heated by the beam is indicated by a suitable thermometric device. 
In the detector used by Stier et al. (1954), the beam was absorbed in a 
disc of platinum foil 0.95 cm in diameter and 0.0025 cm thick. A thermo- 
couple junction of copper constantan wires each 0.0075 cm in diameter 
was welded to the disk on the side opposite to that struck by the beam. 

A temperature indicator slightly less complicated than a thermocouple, 
and sufficiently accurate for these measurements is provided by the 
“thermistor,”’t a highly temperature-sensitive resistance, obtainable in a 
bead about 0.04 cm in diameter. A typical unit has a room temperature 
resistance of 2500 ohms, decreasing 110 ohms for each 10°C temperature 
increase. In a design used by Allison et al. (1960b) such a thermistor 
was attached to the rear of a platinum disk similar to that mentioned 
above. The disk was held in place by quartz fibers inside a thick-walled 
housing consisting of 200 gm of copper. A second thermistor, inserted 
into the copper, read the “ambient” temperature around the detector; 
the significant reading was the temperature difference between the 
detector thermistor and the ambient thermistor. For a beam of about 
6 x 10" particles/sec moving with 20-kev kinetic energy, such a calo- 
rimeter will come to radiative equilibrium when the temperature of 
the platinum disk is from 5° to 6°C higher than the surrounding objects. 
This means a resistance change of from 500 to 1000 ohms. 


4.2.3 Particle-Counting Detectors 


Detectors which count each beam particle have certain advantages 
over continuous current detectors in that many of the correction factors 
for interpreting the relative intensities of beams of different charge 
do not apply. The early work of Henderson (1922) and of Rutherford 
(1924) was carried out using scintillations on a zinc sulfide screen. The 
only disadvantage of such detection methods as used at present is their 
electronic complexity and somewhat lesser stability and reliability. 

At the lower end of the energy range of this chapter, where the particles 
cannot penetrate foils of thickness sufficient to maintain the pressure 
difference necessary for a gas filled ionization chamber, or proportional 
counter, scintillating crystals or secondary electron multipliers are 
indicated as detectors. Ziemba and associates (1960) have used a 10-stagé 
Dumont type 6467 electron multiplier. The photosensitive surface and 


t This may be purchased from the Victory Engineering Corporation, Union, New 
Jersey. 
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the glass envelope were removed to allow the beam particles to strike 
the first dynode directly. The receptacle for the tube was carefully 
positioned in the vacuum compartment before opening the tube. This 
operation took place in an atmosphere of dry nitrogen, and was carried 
out so that the time of exposure of the dynodes to atmospheric pressure 
was minimized. If too prolonged, the pulse-height response might be 
lowered by factors as large as 100. The useful life of such a detector 
seemed to be about 2 months. 


4.3. Metuops oF MEasuRING CHARGE CHANGING Cross SECTIONS 


Measurements of charge distributions in equilibrated ionic and 
atomic beams cannot in themselves give information about individual 
cross sections since all F,’s are dimensionless, and auxiliary experiments 
are needed. There are approximately five different methods described 
in the literature for measuring o,, cross sections. They will be briefly 
reviewed here. 


4.3.1 Cross Sections Through Measurement of F,(7) and F,,.. 


This method only applies to two-component systems whose com- 
ponents are known, either through the simplicity of the system (H° and 
H+, for instance) or through auxiliary measurements. A beam of the 
desired kinetic energy is prepared by acceleration; its component 
fractions F, must be known. For the following analysis one assumes 
that the beam consists entirely of one of the two possible components, 
and that they are characterized by 7 = 0 or 1. The necessary measure- 
ments could be carried out in an apparatus schematically as simple 
as that in Fig. 1. The initial beam enters from the left, consisting entirely 
of charge state 1. Gas is admitted to the converter cell to a measured 
pressure p, producing a 7 which is less than that required to equilibrate 
the beam. The value of F, in the emergent beam is measured, then more 
gas is admitted until the value of F, has further decreased to F,,. 
From the measured values 7, F, (7), and F,,, the two cross sections can 
be determined from 


1—F 
__ "100 100 
oo = 2 log | — | (29) 
Mee LF | 
G19 = =e log . . (30) 
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4.3.2 Measurement by Beam Attenuation in a Transverse Field 


A method which does not involve the measurement of the quantities 
F,,. is to place either the original, accelerated beam, or the beam con- 
taining various charge states as it issues from the converter cell, into a 
measuring chamber in which there is either a transverse electric or 


magnetic field (cf. Fig. 3). The field holds each constituent of the equili- 








Fic. 3. Schematized apparatus for the measurement of charge changing cross 
sections by the method of attenuation in a transverse magnetic field. 


brated beam, or the entire prepared beam, in an appropriate orbit. 
With 7 = 0 in the measuring chamber, values of the deflecting field 
and locations of the detectors are found such that the various beams 
enter their detectors through apertures which are larger, but of diameters 
comparable to that of the beam itself. When gas is admitted to the 
chamber, each beam particle whose charge is changed is lost to its 
beam because it can no longer continue in its old orbit, and a beam 
attenuation due to charge changing is observed. 

If the system is one of only two components, the measurement of the 
attenuation can be uniquely interpreted; if the components are neutral 
and singly charged, 


oxy = — (I/m) log. Ry(n) (31) 
09, = — (1/7) log, R,(7) (32) 


in which R; is to be interpreted as the ratio of the detector response 
with gas in the measuring chamber to the response at high vacuum. 
In this type of measurement, the effect of stray electric or magnetic 
fields on the detector need not be considered since the only change in 
the experimental conditions during a measurement cycle is in the gas 
pressure. It must be demonstrated that the admission of sufficient gas 
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for a measurable beam attenuation does not affect the response of the 
detector (Montague, 1951; Ribe, 1951). Furthermore, it must be shown 
that the beam is not appreciably attenuated by elastic scattering when 
the gas is in the measuring chamber. This is usually demonstrated by 
turning off the field and allowing the beam to proceed in a straight line 
through the measuring chamber to a detector with the same entrance 
aperture, and so placed that the length of path is the same as that for 
the component beam under measurement. Gas is then admitted as if 
an attenuation experiment were in progress. It is essential to the validity 
of this method that under these circumstances the attenuation is negli- 
gibly small. 

Another source of error may arise from the inadequacy of the differ- 
ential pumping. If admission of gas into the measuring cell causes 
appreciable increases in pressure in the compartments through which 
the beam passes before entering the cell, the composition of the beam 
may be changed, particularly if the charge component that has been 
accelerated is under investigation, and no gas is deliberately introduced 
into the converter cell (Allison, 1958a). 

The background reading of the detector must be investigated with 
and without gas in the measuring cell. The profile of a charged beam 
may easily be observed by varying the guide field slightly so that the 
beam moves across, and slightly to either side of, the detector aperture. 
In the case of measurements on a neutral beam this cannot be done: 
the profile is examined by a movable slit in front of the detector, or by 
a movable detector (Stier and Barnett, 1956; Allison, 1958b). If other 
beams than the one being measured are traversing the measuring cell, 
the ion spray from charge changing collisions of these beams may 
introduce a large error because the background will be raised with 
“gas in” (Allison et al., 1956). 

Figure 4 shows an experimental arrangement in which the transverse 
“guide’’ field is electric, but, since the experiment is designed to study 
electron loss from neutrals, the field does not actually guide, but only 
removes charged ions as fast as they are formed. The segmentation of 
the electric field is partially to enable a better measurement of the path 
length J, since through a series of measurements, using fractional parts 
of the total condenser length, a set of simultaneous equations may be 
found from which the additional AJ, the edge effect at the entrance and 
exit from the electric field, may be eliminated (Stier and Barnett, 1956; 
Kasner and Donahue, 1957). 

In Fig. 4 some of the charged particles from the Cockcroft-Walton 
accelerator (top) are allowed to neutralize themselves in the converter, 
or “neutralizer” cell, Any remaining charged particles are removed in 
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“electrostatic analyzer No. 1,” so that a pure neutral beam enters the 
measuring chamber through a narrow cylindrical channel 1.2 cm long 
and 0.16 cm in diameter. The detector was sufficiently removed (1 meter) 
so that a slight electric field was sufficient to prevent any positives from 
entering its aperture. 
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Fic. 4. Apparatus of Stier and Barnett (1956) for charge changing cross section 
measurements. 


When this method is applied to a system of more than two components, 
the measurements indicated will not, without further data, give values 
of individual cross sections because the attenuation may be due to any 
event, (i.e., multiple or single electron loss or capture) which changes 
the charge of the moving ion or atom; thus, we actually measure 


Loi, = — (1/7) log R; (33) 


where the final charge fe has all possible values except ze. If the results 
thus obtained on X,o,, are supplemented with data on the values of 
F,,,, however, it is usually possible to deduce some individual cross 
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sections with meaningful accuracy. This procedure is illustrated in the 
measurement of cross sections for lithium projectiles to be discussed 
later (Allison et a/., 1960a). 


4.3.3 Measurement by Ion Collection 


This is sometimes referred to as the “condenser” method, and 
apparently was first devised and used by Goldmann (1931). It depends 
on the fact that electron capture by a fast moving ion traversing a gas 
must leave behind a positively charged target atom of relatively very 
low velocity, except in the rare case where the impact parameter of the 
collision is so small that a large momentum transfer is possible. Other 
positive and negative ions may be formed in the gas by ionization of 
the target atoms without a change in the electronic configuration of 
the projectile; these will, however, contribute equal numbers of positive 
and negative ions. Thus, if a net positive current is extracted by an 
electric field from a volume through which the beam is passing, this 
positive excess may be attributed to electron capture by the beam, and 
a cross section computed. Such a measurement could be carried out in 
the apparatus of Stier and Barnett shown in Fig. 4, if careful attention 
were paid to the currents collected by the condenser plates, rather than 
using the electric field generated by them to produce beam attenuation 
as in the previous method. 

For a simple interpretation of a positive excess current it is essential 
that the only charge changing collision occurring in the volume is 
electron capture and that the number of electrons captured in a single 
collision be known. For a two-component system this means that the 
length along the beam from which slow ions are collected must be small 
compared to the mean free path for cycle completion (27). The beam, 
as it enters the region from which ions are collected, must be of known 
charge composition: preferably 100% in the singly charged state if the 
two possible components correspond to 7 = 0, 1. A principal technical 
difficulty in these experiments lies in electron emission from the collecting 
plates due to ultraviolet light or electron bombardment, and careful 
shielding is necessary. Also, the exact volume from which the collected 
ions have come must be known, and one must be sure that all of the 
ions have been swept out and have contributed to the observed current. 

The interpretation of measurements taken by this ion-collection 
method becomes much more difficult for systems containing more 
than two components. In the three-component system He®, Het, Hett, 
such an experiment with Het as the incident beam would give (oj) — 049); 
if Het++ were the incident beam, it would give (o,; + 209). 
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4.3.4 Measurements Involving the Initial Behavior of the Growth Curve 


A prepared beam, all of whose particles have the same charge ze is 
passed through a gas converter cell, and the growth of the new charge 
component fractions F, for (¢ 4 2) is studied at very low pressures, 
where more than one collision in the cell is improbable. For each new 
component, the observed growth curve F;(7) is analytically expanded 
into a power series in 7, so that 


Fm) = Lag; n= 1,2, 0% (34) 


If in the series thus computed from the experimental data a, is finite, 
the probability that new charge component 7 can be formed in a single 
collision from the original component of charge ze is finite and is equal 
to a,. The method is of special interest in determining the probability 
of capture or loss of two electrons in a single collision. It has been applied 
by Fogel’ and his collaborators in several determinations (Fogel’ and 
Mitin, 1956; Fogel’ et al., 1957, 1959) involving o,; for H+, Lit, etc; 
and oj, for H~-. These systems consist of three components. We have 
given the growth equation for a three-component system in which 
i = 0, 1, 2 in (15). Let us apply it to the growth of a neutral component 
from an accelerated beam which is all doubly charged. An example 
would be the growth of He® through double electron capture by He**. 
With the proper subscripts and indices to apply to this case, (15) becomes 


Fy = Fos. + [P(2, 0) exp (mg) + N(2, 0) exp (— mg)] exp (—F Lay). (35) 


Expanding in powers of z, collecting coefficients, and using Table II 
and (16)-(24) leads to 


Fy = TF o00($ Lois — 5) — fF] + $7[Foo{s Loy = q’} 
—_ 4 (Loy)? + fin Lois] +... (36) 
Reduction of the coefficient of 7 shows that 
Fya($ Lois — $8) —fF i. = F29 (37) 


so that if the growth curve of the neutral component has a finite slope 
at 7 = 0, there is a measurable cross section 9. The preceding equations 
can be applied to the initial growth of H- from a proton beam by reducing 
all numerical subscripts and indices by unity. For this case Fogel’ has 
given the result 


2 
Fy = 7043 + ¥ 7"(049% i + 47049 + O47 — OnF79 — O11 — 7) +... (38) 
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The method has also been used to measure the double capture of elec- 
trons by Het to form He- (Dukelskii et al., 1956). 


Bx0° 








6] (FL /F)=(F,/Fi)o 


























) 25 5 75 10 125 15x 10% mm Hg 


Fic. 5. Growth of H- from a 29-kev H+ beam traversing H, gas. After Fogel and 
Mitin (1956). 


Figure 5 shows the growth of H- from H+ as the proton beam is 
converted in H, gas in a cell 10 cm long according to Fogel’ and Mitin 
(1956). The proton beam had 29-kev kinetic energy. The lowest possible 
pressure in the converter cell was 5 x 10-5 mm Hg, and the abscissae 
show excess of H, pressure over this base. The ordinates represent 
the increase in the H~ component as H, is admitted. The curve is a 
plot of the function 


Fi/F, = (FilFi)o + (P — Po) + 8(P — Po)? (39) 


with y = 2.74 and 6 = 1.03 x 10%. From the coefficient y it results 
that o,; is 0.21 x 101? cm? per atom of Hy, gas. 

Allison (1958a) used a slight modification of this method in attempting 
to detect and measure double electron capture by Het++ and double 
loss by He®. Other information about the helium cross sections was 
already available, since Allison et al. (1956) had measured the sums 
(G99 + o9,) and (a9, + oo) and the individual cross sections oj) and oj». 
Further, the fractions F;,, were known from the work of Snitzer (1953) 
and Barnett and Stier (1958). 

In the work on og, Allison measured the ratio F,/F’, as the components 
He® and He+ grew from Het+, at very low converter cell pressures. 
The initial growth curve calculated for these components by (35) and 
the analogous equation for F, is not sensitive to a breakdown of the 
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sum (09; + 49) into individual cross sections. Predicted curves showing 
F,/F, as functions of 7 were calculated, each curve corresponding to 
an assumed value of € in € = Gg9/(o99 + o;). Comparison with experi- 
ment indicated that one of the choices of « gave a curve fitting the data, 
and from this, and (c9 + o»;) previously measured by the attenuation 
method, individual values of og) and o,, could be calculated. 

A similar treatment of the growth of the fraction F,/F, from a neutral 
He® beam permitted an evaluation of the individual cross sections oo. 
and 9}. 


4.4 MEASUREMENTS OF da,,(6)/dQ 


Although the number of scatterings into unit solid angle at @ decreases 
roughly as csc‘(6/2), there are a detectable number of scattered projectiles 
with angular deviations of several degrees. Two types of study have 
been made on them; the charge fractions F,(@) have been determined, 
and the differential cross sections do,,(0)/dQ, where the positive charge 
on the initial beam is ze. Our information concerning these phenomena 
is largely due to Fedorenko (1954a), and his report to the Venice 
Conference (Venice, 1957), Kaminker and Fedorenko (1955a), and 
several contributions from Everhart and his associates (i.e., Jones e¢ al., 
1959). Figure 6 shows equipment used by the Everhart group to measure 
the angular dependence of charge changing cross sections. The equip- 
ment in the upper part of the figure is used for scattering angles above 1°. 
The electrostatic energy analyzer can be rotated about point 5, using 
the flexible bellows to avoid breaking the vacuum. The beam at angle 0, 
as selected by apertures c and d, contains all the new charge components 
which have been produced in scattering events in the region of b, plus 
some incident beam particles which have been scattered without change 
of charge. The scattering volume (analogous to the converter cell in 
other techniques) is in this type of equipment determined by the 
geometry of the slit system, and must be computed. The electrostatic 
field separates the scattered beam and its components can, in turn, be 
directed to the detector aperture, behind which a Faraday cell detector 
is shown. The neutral beam must be measured by rotating the electron 
multiplier tube into position; also the electron multiplier is useful for 
very weak beams. A small Faraday cell “a’’ can be rotated into the beam 
for monitoring purposes. The gas pressures at b for sufficient scattering 
were on the order of 1 » Hg; the base pressure at “b’” corresponded to 
5 x 10-§mm. The sensitivity of detection was such that even at this 
low pressure scattered particles were measurable. The lower part of 
the figure shows the equipment adapted to the angular region below 1°, 
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which is the range into which most particles having small values of 
|  —1| are scattered. The design is such that all particles scattered by 
less than 1° enter the detectors, separated only according to charge. 









SECONDARY 
ELECTRON 
MULTIPLIER 


Q) 


TARGET GAS INLET 
TO PRESSURE GAUGES 


Ran 
§ H 
8 S 


HOLE SIZES 
@:0.25 mm DIAM 
¢:0.08 X 177 mm 
4:0.15 mmOIAM 


@*0 LOCK PINS 








FE 


z 
A is 
A 4 
4 Hi 





HOLE SIZES 


20.13 mm DIAM 
(b) ¢ 1.00 mm DIAM 
a°1.55 mm DIAM 


Fic. 6. Apparatus used by Everhart and his associates (Jones et al., 1959) for measur- 
ing the differential cross sections do,;(8)/dQ. 


Figure 7 shows apparatus used by Fedorenko (Venice, 1957) which 
permits measurements of do,,/dQ2. Positive ions are extracted from the 
source S by a probe electrode E, and are accelerated to kinetic energies 
between 5 and 180 kev in the tube T. A pure beam, consisting 100% 
of a single charge component, is selected magnetically at M, and enters 
the collision or converter cell C,. The current entering this cell is in 
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the range 10-7-10-* amp. A mobile analyzer A, is attached to this 
chamber and can determine F; values for beams of scattered particles 
which have undergone deviations from 77° to 92° from the beam direction. 








E OX 
® 
0 0 20 30 40 Sdcm 


Fic. 7. Apparatus of Fedorenko for angular distribution measurements. (Venice, 
1957). 





For the investigation of smaller scattering angles, the beam is passed 
on into a second collision chamber C,, from which the second movable 
magnetic analyzer A, can collect projectiles scattered through the range 
-+ 17°. Provision is also made for the detection of fast neutrals formed 
in Cy. 


5 Results on Hydrogen Beams 


5.1 CHARGE ANALYSIS OF SINGLE COLLISION SCATTERING INTO 
5° IN THE LABORATORY SYSTEM 


Ziemba et al. (1960), using the type of equipment shown in Fig. 6, 
have carried out the charge analysis of a proton beam scattered on various 
gases into an angle of 5°. This angle was fixed and was arbitrarily 
selected as representative of large angle charge changing scattering. 

t A survey of the data existing on beams of the different elements, much more compre- 


hensive than the data included in this chapter (up to December, 1960), has been compiled 
by the authors and can be obtained by writing to them. 
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The fraction Fy of neutral atoms in the scattered beam plotted as a 
function of the proton kinetic energy show the existence of peaks and 
since the total scattering with and without change of charge, at a fixed 
angle, is a monotonic function of the kinetic energy, the maxima indicate 
the location of peaks in the electron capture (0,9) process. The existence 
of this kind of resonant peaks in the single electron capture process was 
first discovered by Ziemba and Everhart (1959) using a helium beam 
in helium gas (cf. Fig. 10). The peaks in the curves persist at other 
angles comparable with 5°. When the peaks are plotted against a collision 
time interval (the range of interaction divided by the velocity), they 
appear equally spaced. 


5.2 COMPOSITION OF EQUILIBRATED HYDROGEN BEAMS IN 
Various GASES 


The values of Fy, Fy, and F, in unidirectional hydrogen beams at 
charge equilibrium in various gases, reported in Tables III and IV 
are essentially from Stier and Barnett (1956) and Barnett and Reynolds 
(1958). In the energy interval 4-50 kev, the H+ and H~ components 
issuing from the converter cell were measured in a Faraday cup. The 
H® component was measured by passing both the total equilibrated 
beam and then its neutral component through a second gas cell in order 
to re-establish equilibrium before entering the detector. At the higher 
energies, the fraction Fy,, was measured using a secondary electron 
detector, calibrated against a calorimetric detector. The F\,, values 
were, in this higher range, obtained by subtraction from unity. Compari- 
son of the Fy, values in hydrogen and helium target gases is very 
instructive. At 25-kev kinetic energy the translational velocity of the 
proton through the target gas is equal to that of an electron in the first 
Bohr orbit in the hydrogen atom (c/137 = 2.18 x 10® cm/sec). At 
velocities low compared with this, the fraction Fy, is much greater in 
the chemically active target gases than in helium and to a lesser extent, 
neon (as can be seen in further data of Stier and Barnett on neon and 
argon). At higher velocities this difference between the chemically active 
gases and the lighter noble gases is not a dominating effect. Fogel’ and 
Mitin (1956) and Whittier (1954) have reported some values of the 
ratio F;,,/F,,. of hydrogen beams in various gases. The essential features 
of the equilibrium fractions in a hydrogen target are illustrated in 


Fig. 8. 
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TABLE III 


EQUILIBRIUM FRACTIONS OF A HyDROGEN BEAM IN HYDROGEN AND HELIUM? 








Kinetic Hydrogen Helium 
Energy 
(kev) Fin Foeo Fix Fin Foo Frio 
3 0.008 0.897 0.095 _ _ _ 
4 0.010 0.895 0.095 — 0.125 0.875 
5 0.014 0.891 0.095 _ 0.185 0.815 
7 0.019 0.886 0.095 _ 0.280 0.720 
9 0.020 0.885 0.095 — 0.400 0.600 
11 0.020 0.880 0.100 0.003 0.450 0.547 
13 0.020 0.875 0.105 0.007 0.530 0.463 
15 0.020 0.855 0.125 0.008 0.550 0.442 
20 0.018 0.797 0.185 0.009 0.600 0.391 
25 0.016 0.764 0.220 0.009 0.600 0.391 
30 0.014 0.706 0.280 0.010 0.599 0.391 
35 _ 0.680 0.320 _ 0.575 0.425 
40 _ 0.620 0.380 —_ 0.535 0.465 
45 _ 0.580 0.420 _— 0.515 0.485 
50 _ 0.525 0.475 —_ 0.490 0.510 
60 _ 0.447 0.553 — 0.447 0.553 
70 _ 0.361 0.639 _— 0.369 0.631 
80 _ 0.276 0.724 — 0.329 0.671 
90 _ 0.237 0.763 _ 0.292 0.708 
100 — 0.183 0.817 _— 0.254 0.746 
150 _ 0.063 0.937 — 0.118 0.882 
200 — 0.024 0.976 —_ 0.060 0.940 
250 _— 0.075 0.993 — 0.032 0.968 
300 —_ 0.0041 0.996 _ 0.017 0.983 
350 _ 0.0024 0.998 — 0.011 0.989 
400 —_ 0.0012 0.999 _ 0.0064 0.994 
450 _ 0.0357 — —_ 0.0038 0.996 
500 — 0.03;39 —_ _ 0.0028 0.997 
600 _ 0.0316 _ —_— 0.0014 0.999 
700 _— 0.0,96 _ —_ 0.0392 
800 _ 0.0.54 _ —_ 0.0;52 
900 _ 0.0,40 — —_ 0.0,45 
1000 _ 0.0,27 —_ —_ 0.0336 


* Stier and Barnett (1956), Barnett and Reynolds (1958). 
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TABLE IV 


EQUILIBRIUM FRACTIONS OF A HYDROGEN BEAM IN 
NITROGEN AND OXYGEN? 








Kinetic Nitrogen Oxygen 
Energy 
(kev) Fin Fox Fy Fy Foo Fro 
3 _ _ _ 0.015 0.880 0.105 
4 0.004 0.871 0.125 0.016 0.849 0.135 
5 0.006 0.854 0.140 0.018 0.827 0.155 
7 0.011 0.815 0.175 0.018 0.782 0.200 
9 0.012 0.778 0.210 0.016 0.729 0.255 
11 0.014 0.756 0.230 0.015 0.710 0.275 
13 0.013 0.712 0.275 0.014 0.681 0.305 
15 0.012 0.688 0.300 0.013 0.661 0.320 
20 0.010 0.640 0.350 0.010 0.610 0.380 
25 0.008 0.587 0.405 0.009 0.581 0.410 
30 0.006 0.544 0.450 0.008 0.517 0.475 
35 _— 0.500 0.500 _ 0.500 0.500 
40 _ 0.480 0.520 _ 0.460 0.540 
45 _ 0.430 0.560 _ 0.440 0.560 
50 _ 0.410 0.590 _ 0.405 0.595 
60 —_— 0.384 0.616 _ 0.364 0.636 
70 _ 0.314 0.686 _— 0.318 0.682 
80 —_ 0.240 0.760 _— 0.281 0.719 
90 —_ 0.208 0.792 — 0.241 0.759 
100 _ 0.172 0.828 _ 0.212 0.788 
150 _ 0.095 0.905 _ 0.122 0.878 
200 —_— 0.038 0.962 _ 0.051 0.942 
250 —_ 0.019 0.981 
300 — 0.010 0.990 
350 _— 0.0057 0.994 
400 —_ 0.0037 0.996 
450 _— 0.0028 0.997 
500 _ 0.0020 0.998 
600 _ 0.0012 0.999 
700 _ 0.0377 
800 _ 0.0;50 
900 _ 0.0;39 
1000 _ 0.0328 





*Stier and Barnett (1956), Barnett and Reynolds (1958). 
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Fic. 8. The charge composition of a hydrogen beam in equilibrium in hydrogen gas 


5.3. COMPOSITION OF HYDROGEN BEAMS EMERGENT FROM 
Sotip FoIs 


Data on the equilibration of hydrogen beams in solid foils are presented 
in Table V. In the experiments of Phillips (1955) a special attempt 
was made to determine whether the charge composition of the beam 
is typical of the nature of the surface layers through which it left the foil, 
or is the same for foils of a pure material, irrespective of surface condi- 
tions. Phillips found that a layer of aluminum, freshly deposited, through 
which the beam emerged, imposed on it a charge composition which 
changed with time, presumably due to alteration of the surface layer 
in the highly imperfect vacuum used in this type of experiment. At a 
pressure of 2.4 x 10-5cm Hg, a fresh surface changed to an “old” 
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or time-independent condition in about 15 min; at a pressure of 
4 x 10-*mm the contamination time was much longer, and not 
measured. These values from “old” surfaces are approximately the 
same for all metals, and are listed in the right-hand columns of Table V; 
the other values are for freshly deposited surfaces. Hall (1950) observed 
little difference between the beam compositions emergent from Be, Al, 
and Ag foils; these were not freshly prepared and the uniformity rather 
supports the “old surface’’ idea; however, Hall found the beams emergent 
from gold to have larger values of Fo, than from other metals. Fogel’ 
et al. (1955b), Table V, found differences between the Fj,,F/,,. ratios 
from Be and Al foils, and does not mention an ageing effect. 


TABLE V 


CHARGE DISTRIBUTION IN HyDROGEN BEAMS EMERGING FROM SOLID Folts*? 


ce Beryllium Aluminum Old surfaces 
Kinetic 
energy Fig Fro Pon FiwlFia Fic Pro Foo FialFic Fic Poa 
(kev) (1) (1) (3) (2) (1) (1) (3) (2) (1) (1) 











4 = = _ _ 0.062 0.856 — = 0.045 0.810 
yy) 0.035 0.828 — _ 0.048 0.840 — — 0.030 0.773 

10 0.031 0.793 — _ 0.040 0.818 — — 0.023 0.727 

11.5 _ — =< 0.400 

14.3 _ _ — 0.323 

15 _ _ ~~ _— _ —_— — 0.181 

20 0.019 0.671 0.44 — 0.024 0.725 0.44 —_ 0.012 0.612 
20.2 _ _ _ _ _— —_— — 0.109 

21.3 _ _ _ 0.201 

25 0.014 0611 — ~ 0.017 0.643 — — 0.011 0.56 

27.4 = = = 0.134 

28.2 _ _ _ _ _ —_— _ 0.060 

50 0.013 0.341 0.32 — 0.0037 0.356 0.32 — 0.004 0.425 

75 0.015 0.195 0.28 — 0.0015 0.20 0.28 = 0.001 0.30 
100 — 0.134 0.18 _ 0.0,6 0.120 0.18 == 0.0,8 0.20 
125 — 0.08 0.14 — — 0.08 0.14 aes 0.0,2 0.13 
150 — 0.048 0.091 _ 0.0,4 0.045 0.091 _ — 0.088 
175 — 0.03 0.061 _ — 0.03 0.061 —_ — 0.05 
200 — 0.01 0.046 _ — 0.02 0.046 _ — 0.03 
250 — — 0.022 — _ — 0.022 
300 — — 0.016 _ i — 0.016 
350 = — 0.011 _ a — 0.011 
400 _ — 0.005 — _ — 0.005 








® Figo + Foo t+ Fin = 1. 
> Key to references: (1) Phillips (1955); (2) Fogel et al. (1955b); (3) Hall (1950). (Phillips 
and Hall give further data for silicon monoxide, calcium, silver and gold foils.) 
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TABLE VI 


SUMMARY OF CHARGE CHANGING Cross SECTION INVESTIGATIONS 
WITH HypROoGEN BEAMS 








Quantity kev Target 
Investigation measured _ range gases Method 
Montague (1951) O01 40-250 H, Attenuation in 
transverse magnetic field 
Ribe (1951) C10 35-150 H, Attenuation in 
transverse magnetic field 
Kanner (1951) To1» P10 30-300 Air Attenuation in 
transverse magnetic field 
Hasted (1952) O10 0.025-4 Ar Ion collection 
Whittier (1954) io, O%o 4-50 H, Attentuation in 
transverse magnetic field 
Fogel et al. (1955a) C19 12.3-36.7 H, Ion collection 
Stedeford (1955) C70, F109 3-40 H,,He, Ne, Ion collection 
Ar, Kr, Xe 
Hasted (1955) CF; %10 0.1-4.0 H,,He, Ne, Ion collection 
Ar, Kr, Xe 
Fogel and Mitin (1956) OT 10-30 oO, (dFj/d7) at low 7-values 
Gilbody and Hasted C10 0.01-40 N,, CO, Ion collection 
(1956) NH; 
Stier and Barnett (1956) Soi) Fo1 3-30 H,,He,N,, Attenuation in an 
19 O,, Ne, Ar electric field 
Fogel et al. (1957) Cn 5-40 H,,He,N., dF,/da at low z-values 
O,, Ne, Ar, 
Kr, Xe 
Afrosimov et al. (1958a) C109 5-180 Ar Ion collection and e/m 
analysis 
Barnett and Reynolds 1 250-1000 H,, He, N., Attenuation in 
(1958) Ar transverse electric field 
Barnett and Reynolds F10 250-1000 H,, He, Ne, 91, plus Fyo/Foo 
(1958) Ar 
Fogel et al. (1958a) Soi) S01 5-40 H,,He,Ne, dFj/d7; dF,/da7 at low 
N., O,, Ar, 7-values 
Kr, Xe 
Fogel! et al. (1958b) Cy 3-65 H.,He, Ne, dF j/dz at low 7-values 
Ne, Ar, Kr, 
Xe 
Rose et al. (1958) Ci0 0.4-2000 H., O., Ar, Attenuation in 
co, transverse field 
Curran and Donahue 901 5-40 H, Attenuation; ion collec- 
(1959) tion 
Ifin et al (1959) C19 5-180 Air, Nz Ion collection and e/m 
analysis 


Fogel et al. (1960) C1 5-10 Kr dF {dz at low z-values 
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TABLE VII 
ELECTRON CAPTURE Cross SECTIONS FOR H® anp H+ Movine in HyproGen Gas*? 
Kinetic Or Our C19 
energy §=£————_____—_- > 
(kev) (1) (2) (3) (4) (1) (5) (6) (7) (3) (8) 
02° — —_— —_— _— _— — _— 3.8 
04 — — — —_— _ — _ 11.0 
06 — _ —_ — —_— — —_ 18 
08 — — —_ — _ —_ —_ 22 
1 _ — — — —_— _— — 26 
2 — —_ —_— —_ —_ — _ 40 
3 — _ _ —_ —_ —_ —_ 44 38 
4 0.64 — _ 0.13 39 _ —_ 40 40 
5 0.83 —_ 0.7 — 40 _ _ 40 40 41 
7 1.1 _ 1.9 0.28 40 —_ —_ 42 41 44 
9 1.2 1.0 2.0 — 40 —_ _— 41 40 43 
11 1.2 1.0 1.8 0.41 40 44 — 41 39 41 
13 1.2 0.95 1.7 — 39 39 — 37 37 38 
15 1.1 0.90 1.5 0.78 35 35 — 32 34 35 
20 0.95 0.80 1.4 1.00 29 28 —_ 31 28 30 
25 0.81 0.70 1.1 0.88 25 22 — 22 23 25 
30 0.70 0.60 Ll 0.55 19 18 _— _ 19 21 
35 _ 0.50 1.0 0.30 16 14 15 _ 16 18 
40 _ 0.40 0.9 0.12 14 11 12 13 14 14 
45 —_ — 0.7 0.08 11 —_ 9.0 _ 12 11 
50 _ _— 0.6 0.06 9.0 _ 7.0 — 9.9 8.0 
60 —_— —_ — 0.05 5.9 — 4.9 —_ —_ 5.0 
70 _ —_ — —_ 3.9 _— 2.9 —_ —_— 3.0 
80 — —_ —_ —_ 2.6 — 1.8 _ —_ 1.5 
90 _ —_ _— _— 1.9 — 1.3 —_— —_ 1.2 
100 — —_ — _— 1.3 _— 0.95 — —_— 0.5 
150 — — —— _— 0.29 —_ 0.220 — _ 
200 _— — —_ —_ 0.088 
250 —_ — — — 0.022 
300 — — — —_ 0.010 
350 —_ —_ —_ —_ 0.0050 
400 —_ —_ _— —_ 0.0024 
450 _ —_ —_ _ 0.0010 
500 —_ —_ —_— —_ 0.0;62 
600 —_— —_ _— _ 0.0324 
700 — — —_— _ 0.0311 
800 — _— — —_— 0.0,57 
900 —_ —_ —_ —_ 0.0,38 
1000 —_ _ _ —_ 0.0,26 





* Units of 10-1” cm? per hydrogen atom. 

> Key to references: (1) 4-150 kev, Stier and Barnett (1956); 200-1000 kev, Barnett and 
Reynolds (1958); (2) Fogel et al. (1958a); (3) Curran and Donahue (1959); (4) Fogel et al. 
(1958b); (5) Fogel et al. (1955a); (6) Ribe (1951); (7) Hasted (1955); Stedeford (1955); 
(8) Afrosimov et al. (1958b). 
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TABLE VIII 


ELECTRON Loss Cross SECTIONS FOR H- aNpD H® Movinc IN HyproGENn Gas? 


Kinetic Cio Onn Oo 
energy 


(kev) (1) (2) (3) (4) (2) (5) (6) (7) (8) 





4 62 51 — — 4.2 —_ — _ — 
5 62 51 — 4.2 4.2 _ _ _ 0.8 
7 62 51 _ 4.4 4.2 _— =_ _ 2:5: 
9 68 52 — 4.4 4.2 — = = 3.0 
11 61 51 —_ 4.4 4.6 — — 3.0 2.3 
13 60 49 _ 4.3 5.0 — _ 3.5 3.3 
15 59 46 _ 4.3 5.4 _ _— 4.0 3.9 
20 48 42 _ 4.3 6.4 —_ _ 5.5 4.6 
25 45 40 _ 4.3 7.3 _ _ 5.9 5.1 
30 41 38 _ 4.3 8.0 _ _ 6.0 3.4 
35 38 _ = 4.3 8.0 = = 6.6 5.7 
40 35 = = 4.3 8.0 _ 6.8 6.8 5.3 
45 33 _ _ —_— 8.0 = 6.7 
50 30 _ _ _ 7.9 _ 6.7 
60 = _— _ — 7.4 _ 6.1 
70 _ — = = 6.9 _ 5.8 
80 _ _ _ _ 6.5 = 5.5 
90 _ _ _— _ 6.1 _ 5.2 
100 _ _ —_ —_ 5.8 a 4.7 
150 — _— — _ 4.3 —_ 3.8 
175 a _ _ _ 4.0 = 3.5 
200 _ _ — _ 3.6 3.6 3.2 
250 _— _ _ _ _ 2.9 2.8 
300 = _ _ _ = 2.4 2.4 
350 = _ _ _ = 2.0 
400 _ _ 8.5 —_ <= 2.0 
450 _ _ _ _ = 1.8 
500 _ _ = — _— 1.6 
600 _ —_ 6.7 — = 1.4 
700 _ _ _ _— —_ 1.2 
800 _ _ 5.2 _ _ 1.0 
900 = _ _ = 0.95 
1000 — _ 4.5 _— = 0.95 
1200 _ _ 3.8 
1400 _ _— 3.3 





2 Units of 10-17 cm? per hydrogen atom. 

» Key to references: (1) Whittier (1954); (2) Stier and Barnett (1956); (3) Rose et al. 
(1958); (4) Fogel et al. (1957); (5) Barnett and Reynolds (1958); (6) Montague (1951); 
(7) Fogel et al. (1958a); (8) Curran and Donahue (1959). 
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TABLE IX 


753 


ELECTRON JLoss AND CaPTURE Cross SECTIONS FOR HypDROGEN IONS AND ATOMS 
Movinc 1n HEtium Gas*? 





Kinetic Fin Crt 1 
energy 
(kev) (I) (2) @) (2) (4) (2) 
0.2 26 = = _ _ _ 
0.4 30 _ _ _ —_ _ 
0.6 34 _ _ —_ _ _ 
0.8 36 —_ _ _ _— — 
1 37 — _ _ _ _ 
2 40 _ _ _ _ —_ 
3 45 —_ _ _ — —_ 
4 50 57 _ 11.5 _— — 
5 55 56 4.5 13.3 8.0 _ 
7 65 56 4.5 15 —_ —_ 
9 72 51 4.5 15 9.7 0.32 
11 75 51 4.4 15 —_ 0.56 
13 70 50 4.3 15 _ 0.60 
15 68 49 4.2 14 11 0.62 
20 58 44 3.5 14 10 0.68 
25 50 41 3.2 13 11 0.67 
30 48 _ 3.0 13 10 0.60 
35 _ _ 2.7 13 _ —_ 
40 _ _ 2.5 12 9.7 _ 
45 _ — _ 12 _ _ 
50 —_ _ — 12 —_ — 
60 _ — —_ 12 _ _ 
70 = = _ 11 _ _ 
80 — _ _— 10 —_ _ 
90 _ — — 9.2 _— _ 
100 _— — _ 8.8 _— — 
150 — — — 6.9 _ _ 
200 — —_ _ 5.6 = _ 


(4) 


0.93 
0.36 


0.24 
0.22 
0.25 
0.30 
0.50 
1.0 
1.5 
a5 
3.3 
6.0 
9.2 
11.5 
12 
16 
18 
18.4 
17.5 
15.7 
14 





“Units of 10-17 cm? per helium atom (see Table XIII for 091, 04) values at higher 


energies). 


> Key to references: (1) Hasted (1952), Stedeford (1955); (2) Stier and Barnett (1956); 


(3) Fogel et al. (1957); (4) Fogel et al. (1958a); (5) Fogel et al. (1958b). 
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TABLE X 


CHaRGE CHANGING COLLISION Cross SECTIONS FOR HYDROGEN BEAMS IN NITROGEN, 


Fi 





Nitrogen Air 
Kinetic 
energy aio oj 91 %o1 
(kev) 
QM @2@ © 8 4 @Qd 
0.2 _ —_— _ _ - —- 
0.4 —_ _ —_ _ - —- 
0.6 —_ — —_ — - — 
0.8 —_— — — — -_-_ — 
1 — eas = <= = «= 
2 = -_ ees = S? - ca 
4 88 —_— 10 _ — 0.52 
5 90 104 12 3.2 — 0.80 
7 88 10.5 14 8.0 — 1.20 
9 81 108 16 10 — 1.20 
11 78 #11 16 12 — 1.50 
13 74 11.2 18 12 — 1.60 
15 70 #115 19 13 — 1.60 
20 68 12.5 20 15 — 1.10 
25 68 13.5 22 16 — 0.92 
30 66 149 22 17 — 0.75 
35 — 161 23 18 - —- 
40 — 17.5 23 18 23 _ 
45 = = 24 — 229 — 
50 — _ 24 — 228 — 


(3) 


AIR, AND AMMONIA GasSES?? 








Nitrogen Air NH, 
%Y 10 10 1 
6) @ Mm © @ 
— —= 5 —— 47 
= = 133 — — 67 
-_- - 244 — — 79 
= —_ 38 — — 87 
_ _ 44 — — 91 
_- —_ 70 — — 92 
na 59 ce eS ee 
_ 58 80 — — 102 
0.25 55 7 —— 9 

_ 58 70 — — = 82 
0.47 50 62 54 — 73 

— 48 58 — — 68 
0.53 43 52 48 — 60 
0.49 39 42 41 — 46 
0.36 34 35 — — 35 
0.33 28 28 32 21 26 

— 26 23 — 19 19 

= 22 — 25 17 

— 20 — — 15 

= 18 — 20 13 





* Units of 10-1? cm? per target atom (per molecule in ammonia) (see Table XI for 
1, %9 Values at higher energies). 
> Key to references: (1) Stier and Barnett (1956); (2) Fogel et al. (1957); (3) Fogef et al. 
(1958a); (4) Kanner (1951); (5) Fogel et al. (1958b); (6) Ifin et al. (1959); (7) Gilbody 


and Hasted (1956). 
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TABLE XI 
CHARGE CHANGING Cross SECTIONS FOR HyDROGEN BEAaMs MovING IN 
NITROGEN GAS AND IN AIR®? 
Nitrogen Air 
Kinetic 
energy %1 %%10 %1 %10 
(kev) 
(1) (1) (2) (2) (3) 
50 24.5 18 22.8 13 20 
60 24 15 22.4 10.5 16 
70 24 11 22.1 8.4 13 
80 24 7.6 21.7 7.6 11 
90 24 6.3 21.4 5.3 8.0 
100 24 5.0 20.6 4.2 7.0 
150 21 2:2 19.3 _ 3.5 
200 19 0.75 17.6 
250 18 0.34 15.8 
300 15 0.16 14.1 
350 14 0.08 
400 13 0.05 
450 12 0.032 
500 10 0.020 
600 9.6 0.011 
700 8.7 0.0067 
800 8.0 0.0040 
900 Tt 0.0030 
1000 7.0 0.0020 


* Units of 10-1” cm? per target gas atom. 
> Key to references: (1) Stier and Barnett (1956), Barnett and Reynolds (1958); 
(2) Kanner (1951); (3) Ilin et al. (1959). 
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TABLE XII 


CHARGE CHANGING Cross SECTIONS FOR HyDROGEN BEAMS IN 
OxyGEN, CARBON MONOXIDE, AND CARBON DIOXIDE GaseEs?:? 


Oxygen CoO CO, 














Kinetic 
energy [%o 11 91 FI 7 %10 %10 %%o 
(kev) er 
ag @ @ @ 4 @® ® 6 GG © 
0.2 — —_ _ _ _ _ — _ _ 190 
0.4 _ _ _ _ — _ — —_ _ 260 
0.6 — a _ — = —_ _ _ _— 268 
0.8 — _ _— _ _ _ _ _ _ 269 
1 — — — _ _ _ _— — _ 270 
2 = — _ _ — —_ _ _ _ 270 
4 — — — 85 — 10 — — 49 — 
5 50 _ 9.1 9.5 352 10 0.70 — 47 260 
7 51 _— 9.3 13.5 5.1 1.1 077 — 45 243 
9 53 — 9.5 14.5 7.0 1.2 080 0.57 43 222 
11 54 = 9.7 15.5 8.2 1.2 0.80 0.56 40 202 
13 56 — 100 160 91 1.2 0.79 0.53 37 190 
15 56 — 103 19 10 1.1 0.78 0.50 33 174 
20 58 — 113 19 11 0.95 0.71 0.44 29.2 140 
25 59 — 124 19 12 0.82 0.66 0.35 280 118 
30 59 — 13.9 20 13 0.72 0.57 0.27 23.0 103 
35 = — 15.2 20 — — 050 — _ 20.0 92 
40 a — 167 20 13 — 040 — = 18.7 86 
45 = = — 20 _ _ = — 18.2 
50 — _ — 20 = — = — 14.0 
60 — _ — 203 — = _ — 11.6 
70 oe: —_ — 204 — _ = _— 9.5 
80 = _ — 25 — _ _ _ 8.0 
90 = — — 205 — _ = _ 6.5 
100 = = — 25 — _ = —_ 5.5 
150 — _ — 195 — _ —_ _ 2.7 
200 — _ — 190 — _ _ —_ 1.0 
400 — 344 — _ _ _ _ —_ —_ — 82.5 
500 _ = _ i = = — _ — — 74.0 
600 — 276 — = = = = _ _ — 61.7 
700 = a _ = — = — os = = = 
800 — 235 — a — — = —_ _— — 545 
1000 — 191 — _ _ _ _ _ — — $2.1 
1500 — a _ — = = _ — _ — 440 
1750 = = = _ _ _ ad _ _ — 39.7 





* Units—oxygen: 10-1” cm?/atom; CO, CO,: 10-17 cm?/molecule. 

» Key to references: (1) Stier and Barnett (1956); (2) Rose et al. (1958); (3) Fogel et 
al. (1957); (4) Fogel et al. (1958a); (5) Fogel and Mitin (1956); (6) Gilbody and 
Hasted (1956). 

¢ Values probably too large by a factor of 1.5 to 2. [see Fogel et al. (1958b)]. 
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5.4 EXPERIMENTAL RESULTS IN THE CHARGE CHANGING CROSS 
SECTIONS OF HyDROGEN BEAMS 


The experimental results on charge changing collision cross sections 
for H-, H®°, and H+ projectiles are given in Tables VI to XIII. The 
maximum observed value of F;,, in an equilibrated beam is 0.04 according 
to Stier and Barnett (1956) in argon gas at 4-kev kinetic energy. Thus, 
in a great many experiments hydrogen can be treated as a two-component 
system, and any of the experimental methods discussed in § 4.3 can 
be applied. Table VI gives a summary of the experimental methods 
which have been used. 


TABLE XIII 


CHARGE CHANGING COLLISION Cross SECTIONS FOR HypROGEN BEAMS 
IN HeEtium, NEON, AND ARGON Gases? 








Kinetic Helium Neon Argon 
energy 901 [10 %1 10 Kio 91 P10 10 
(kev) (1) (1) (1) (1) (2) (1) (1) (3) 
50 12 12 20 11.5 _ 48 33 45 
60 12 9.7 20 9.8 —_ 48 22 36 
70 11 6.3 20 8.5 —- 48 20 — 
80 10 4.9 20 yee oe 48 16 26 
90 9.2 3.8 19.5 6.2 — 48 12 _— 
100 8.8 3.0 — 5.8 — 45 9.8 18 
150 7.0 0.93 19 2.8 —_— 40 3.8 6 
200 5.6 0.36 18 1.4 — 37 1.1 
250 4.9 0.16 — — — 30 0.38 
300 4.0 0.70 — — — 29 0.15 
350 3.6 0.038 — —_— — 26 0.074 
400 3.1 0.020 — —_ 62 22 0.050 
450 2.9 0.011 — — — 22 0.038 
500 2.4 0.0068 —_— —_— 52 20 0.029 
600 pea 0.0030 — — 51 19 0.019 
700 2.0 0.0018 — — — 19 0.015 
800 1.6 0.0,85 —_ —_— 43 18 0.011 
900 1.5 0.0,68 — — — iy 0.0088 
1000 1.4 0.0,52 — — 42 16 0.0076 
1500 — — — — 36 
1750 — — —_ — 33 


2 Units of 10-7 cm? per noble gas atom. 
> Key to references: (1) Below 200 kev, Stier and Barnett (1956); above 200 kev, Barnett 
and Reynolds (1958); (2) Rose e¢ al. (1958); (3) Afrosimov et al. (1958a). 
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Figure 9 shows the energy dependence of the cross sections of a 
hydrogen beam in hydrogen gas. The features displayed are not widely 
different in other chemically active target gases. The capture cross 
sections 097, 03, and oj, fall off very rapidly at high energies whereas 
the loss cross sections 071, oj9, and ap, fall off quite slowly. 




















o per atom of target hydrogen 

















0.1 0.5 10 5 10 50 100 1000 
Kinetic energy in kev 


Fic. 9. The charge changing collision cross sections for hydrogen atoms and ions 
in hydrogen gas. 


6 Results on Helium Beams 


6.1 THe ANGULAR DISTRIBUTION OF PARTICLES SCATTERED 
FROM A HELIUM BEAM 


Figure 10 shows the fraction Fy in a helium beam scattered into a 
fixed angle 5° when it passes through helium gas, as a function of the 
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projectile energy. It presents resonant peaks as in the case mentioned 
previously of scattering-with-capture from a hydrogen beam. 

It is well known that quantum mechanics predicts a resonant exchange 
when an electron can be in either of two identical potential wells, as is 



































I 2 4 6 8 10 20 40 60 80 100 


He Kinetic energy in kev 


Fic. 10. Fractions of He® and Hett in the particles scattered at 5° (lab.) in single 
collisions of a Het beam traversing helium gas, versus the He* kinetic energy (Ziemba 
et al., 1960). 


the case in a close approach of a Het ion to a He® atom. The frequency 
of this exchange is determined by the difference in the energy of the 
eigenstates corresponding to the symmetrized and antisymmetrized 
eigenfunctions of the situation. The period of the resonance oscillation 
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is Planck’s constant divided by this difference. Transfer of the electron 
is most likely if the time of interaction, determined by the velocity and 
the range of atomic forces, is in the vicinity of an integral number of 
half-periods. If Fig. 10 is replotted so that the abscissas represent times 
proportional to the inverse of the velocity of approach of projectile to 
target, the peaks appear equally spaced, lending substance to the inter- 
pretation suggested above. 

Fuls et al. (1957) have measured the charge composition of the 
particles scattered from a helium beam in helium, neon, and argon. 
These components are not to be interpreted as being in charge equili- 
brium in the sense commonly used in this chapter, since they are pro- 
duced by single scatterings from a beam of Het ions, and the process o,, 
is included. The oscillatory character of the process whose cross section 
iS Oy9 is clearly seen by fixing on the angle 4° in helium and noting that 


He?® is 0.24 at 25 kev, 0.55 at 50 kev and 0.28 at 100 kev. 


6.2 CHARGE COMPOSITION OF AN EQUILIBRATED HELIUM BEAM 


The equilibrium fractions F,,, in a rectilinear helium beam traversing 
various gases, and emerging from solids are given in Tables XIV and 
XV. Some of the data shown in Table XIV were computed from observed 
cross sections using (19)-(21). The fractions Fy,, are not listed, because 
they can easily be found, in each case, by subtracting from unity the 
sum of the F;,,,’s which are given. It may be noted that in the region 
around 100 kev, the target gas neon is notably more effective than the 
other gases shown in producing the doubly charged constituent He+*. 


6.3. THE DIFFERENTIAL SCATTERING Cross SECTION FOR 
HELIUM PROJECTILES 


Jones et al. (1959) and Fuls et al. (1957) have measured the cross 
section in cm?/sterad for scattering (summation of all scatterings 
irrespective of charge) at various laboratory angles and energies in 
helium, neon, and argon. Thus, the absolute value of the differential 
cross section corresponding to a charge component may be found from 
the charge analysis of the scattered beam. 
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TABLE XV 


THE CHARGE COMPOSITION OF HELIUM BEAMS EQUILIBRATED IN SOLIDS? 





Scattered and transmitted F\,, emergentfrom F;,, emergent from celluloid 


Kinetic in Be, Al, and Ag foils ; 
energy Mica 


(kev) Foo Fre Fx foil Au foil Poco Fro Paco 
(1) (1) (1) (2) (2) (3) (3) (3) 











130 0.58 0.40 0.017 

200 0.39 0.57 0.04 

300 0.24 0.65 0.11 

400 0.15 0.65 0.20 

406 —_— — — 0.68 

500 0.09 0.59 0.32 — 

590 _— — —_ 0.60 

600 0.06 0.52 0.42 — 

640 _ _— _ 0.50 

700 0.02 0.43 0.55 _ 

750 — — _ —_— _ 0.017 0.368 0.615 

787 _ _ — 0.35 

800 — 0.36 0.64 

900 _ 0.29 0.71 
1000 — 0.24 0.76 
1100 — 0.20 0.80 
1260 — — _ 0.16 
1330 _ _ _ _ _ 0.002 0.145 0.853 
1355 _ — _ 0.14 0.14 
1521 = ee s Ag foil 0.045 
1696 _ _ _ 0.12 = 
1935 — _ — 0.061 0.065 
2323 — a —_ Al foil 0.045 
2408 — — — 0.038 0.038 
2719 ae —_— _ 0.032 0.036 
3406 — — _— _ 0.024 
4262 _ — —_ Cu foil 0.015 
4440 _ _— _ 0.015 
4915 —_ _— —_— 0.012 
6028 — — — 0.0079 0.0088 
7000 — _ —_ — _— 0.051 0.005 0.995 
71684 — — — 0.062 0.050 


2 Key to references: (1) Dissanaike (1953); (2) Rutherford (1924), Henderson (1922); 
Nikolaev et al. (1957). 
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6.4 ToTaL CHARGE CHANGING Cross SECTIONS FOR 


HeELiIum BEAMS 


A summary of investigations leading to cross-section determinations 
for helium beams is given in Table XVI. Charge changing cross sections 
for helium beams through hydrogen, helium, nitrogen, oxygen, and 
air gases are given in Tables XVII-XIX. 

In the region 150 to 700 kev, helium cannot even approximately be 
treated as less than a three-component system, since He®, He+t, and 


TABLE XVI 


SUMMARY OF CHARGE CHANGING Cross SECTION INVESTIGATIONS WITH 


Investigation 


HeEt1ium BEaMs 





Rutherford (1924) 


Rudnick (1931) 


Hasted (1955) 

Stedeford (1955) 

Allison et al. (1956) 

Dukelskii et al. (1956) 

Fedorenko et al. (1956) 

Gilbody and Hasted 
(1956) 

de Heer (1956) 

Ghosh and Sheridan 
(1957) 

Allison (1958a) 

Allison (1958b) 

Barnett and Stier (1958) 

Jones et al. (1959) 


Fogel et al. (1960) 


Quantity kev Target 
measured range gases Method 
O21 646-6780 Air Attenuation in a 
magnetic field 
G01) %10 5-20 He Attenuation in a 
transverse electric field; 
Freep 
P10 0.2-4 H,,He, Ne, Ion collection 
Ar, Kr 
C10 4-40 H,,He, Ne, Ion collection 
Ar, Kr 
010) S12 100-450 4H), He, Attenuation in a 
(G29 + 223) Air magnetic field 
Our 60-180 He, Ne, Ar, Growth of Fj at small 
Kr m-values 
S19 20-100 He Ion collection 
C19 0.010-0.3 He Ion collection 
3-40 
C19 10-20 H, Ion collection 
P10 0.025-0.85 He Ion collection 
G30; O91 100-450 H,, He, air F,/F at low z plus 
G29 + On 
Con 100-450 H,, He, air Attenuation in a 
magnetic field 
201) P10 20-200 H,,He,N.,, Attenuation of He® in 
O,, Ne, Ar electric field, Foo, Fico 
C10) %12 25-100 He, Ne, Ar Integration of angular 
distribution 
Sor) %1 10-50 Kr, Xe dF,/dz and dF;/dz at low 


m-values 
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Het++ all coexist, constituting beam fractions of more than 2%. None 
of the cross-section measuring methods gives simply and directly a 
single probability o,,; additional information, such a F;,, determinations, 
is needed to interpret an experimental result. In spite of this there is, 
in general, good agreement on those cross sections which have been 
measured by various investigators. 


TABLE XVII 


CHARGE CHANGING COLLISION Cross SECTIONS FOR HELIUM BEAMS 
IN HyDROGEN®? 


Kinetic 001 2 10 P72 [0 Oo1 
energy 


(kev) (1) (1) (2) (3) (4) (5) (6) (6) 








0.2 _— _ 7.5 
0.4 _ _ 7.0 
0.6 — _ 6.5 
0.8 _ = 6.0 
1 = _ 5.5 
2 _ _ 4.2 
4 0.25 _ 3.5 
6 _ _ 4.2 
8 0.70 = 4.7 3.9 
12 1.0 — 5.7 5.4 6.4 
16 1.5 — 7.5 6.8 7.9 
20 1.8 _ 7.8 8.0 10.1 
25 _ —_ 8.5 10.5 
30 2.0 _ 10 = 
35 _ _ 11 11 
40 2.4 _ 12 _ 
60 3.0 _ _ — 
80 3.9 _ = 12 
100 4.2 _ _ 9.8 _ 0.13 _ 38 
125 5.1 _ — 8.7 = 0.18 — 32 
150 5.5 _ _ 7A _ 0.24 1.1 26 
175 5.8 = —_ 5.7 — 0.37 1.0 24 
200 5.9 = _ 4.8 — 0.50 0.98 21 
250 6.0 == _ 3.2 = 0.64 0.87 14 
300 6.2 _ _— 2.2 _ 0.81 0.53 11 
350 6.2 <0.1 = 1.2 — 0.98 0.20 6.8 
400 6.3 = _ 0.95 _ 0.89 0.16 4.9 
450 6.7 <0.1 _ 0.70 _ 0.80 0.12 2.4 


* Units of 10-!” cm? per hydrogen atom. 

> Key to references: (1) 4-200 kev, Barnett and Stier (1958); 200-450 kev, Allison (1958b); 
(2) Hasted (1955), Stedeford (1955); (3) 8-200 kev, Barnett and Stier (1958); 200-450 kev 
Allison (1958a); (4) de Heer (1956); (5) Allison et al. (1956); (6) Allison (1958a). 
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TABLE XIX 
CHARGE CHANGING Cross SECTIONS FOR HELIUM BEAMS IN NITROGEN, 


OXYGEN, AND AIR? 


Kinetic Nitrogen Oxygen Air 





ener; 
By 91 10 91 10 Fo [2 10 12 %0 9a 


key) a) od) (3) (2) 4) @) (5) 





4 — = 0.27 

8 0.83 21.5 1.1 39 
12 1.7 27 2.2 39 
16 2.3 30 3.2 41 
20 3.2 32 4.5 41 
40 7.2 32 9.3 34 


60 11 29 14 30 

80 14 26 16 28 

100 16 24 17.5 24 16.4 — 29 0.79 G29 + o2,; = 79 
125 19 20 19.5 20 

150 20 18 20 19 21.0 02+ 0.2 20 12 11.8 50 
175 23 15 22 16 


200 24 13 23 1521.8 _ 16 2.2 8.5 42 
250 = —_ _ — 22.7 05404 12 3.1 5.2 35 
350 _ = = — 21.2 0840.5 7.3 5:1 2.1 25 
450 = = = — 23.2 13404 4.0 6.6 1,3 17 
646 =< _ — = _ = = 6.2 = 6.2 
1696 _ — _ = _ —_ _ 3.7 _ 0.50 
4440 = = = _ a _ _ 2.4 _ 0.036 
6780 = _ — _ _ _ — 1.7 =r 0.0084 


2 Units of 10-!’ cm? per target atom. 

> Key to references: (1) Barnett and Stier (1958); (2) Allison (1958b); (3) Allison 
(1958a); (4) 100-450 kev, Allison et al. (1956); 646-6780 kev, Rutherford (1924); (5) 100- 
450 kev, Allison (1958a); 646-6780 kev, Rutherford (1924). 


6.5 ErrecTs oF METASTABLE ATOMS AND IONS IN 
CHARGE CHANGING COLLISION EXPERIMENTS 


An effect which may well be due to metastable states of helium and 
neon was discovered by Barnett and Stier (1958). In order to measure 
the loss cross section o9, for He® and Ne® projectiles, beams containing 
these atoms were prepared by conversion of Het+ and Net beams in 
hydrogen. The charged components of the emergent, equilibrated 
beam were then deflected away, and oo, for the neutral constituent 
measured by the attenuation in an electric field when gas was admitted. 
If the pressure p in the converter cell was low (2-8 yu) the value of oo, 
was dependent on this pressure, and increased as p decreased. It is 
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likely that the cross section for electron loss from an excited atom is 
greater than that from a normal atom; and it is also likely that the neutral 
beam coming from the converter cell contained a higher percentage of 
metastable atoms at low pressure than at high pressure since the proba- 
bility of the destruction of such atoms is an increasing function of the 
pressure. Asimilar experiment with H® and N?® did not show such an effect. 

Barnett and Stier (1958) and Allison (1958b) found that there is a 
large pressure region in which, for a given converter cell, there is a 
constant value of o9,. This probably means that at high pressures there 
is no significant fraction of metastable helium atoms among the emergent 
neutrals. A more conservative conclusion is that if there is such a 
metastable fraction, it is invariant with converter cell pressure over a 
considerable range. 

Jorgensen (1958) investigated the production of He- as the hydrogen 
pressure was increased in a converter cell 50 cm long through which 
an originally homogeneous He+ beam was passing. The pressure of 
hydrogen was varied from 4 to 34»; the Het kinetic energy from 40 to 
200 kev. As the pressure increased, the fractional output of He-~ did 
not rise to a plateau, but had a rather broad maximum. The values of 
F;,, quoted from Jorgensen in Table XIV are actually these maxima, 
rather than the pressure-independent values indicated by the notation. 

To explain this behavior, Jorgensen uses the predictions of Holoien 
and Midtdal (1955) that the third electron in He- is actually bound to 
the metastable configuration 152s°S. 

Fogel’ et al. (1959) have obtained evidence that the cross section oj; 
for a lithium beam in hydrogen, argon, and krypton depends on whether 
the Li+ ions are produced from a heated lithium mineral (spodumene 
or B-eucryptite) or from a radio-frequency ion source. It is suggested 
that the beam from the hot filament is free from ions in the metastable 
states whereas the radio-frequency produced beam contains ions in 
these states. Fogel’ et al. also find that metastable ions may exist in 
B+, Ot, and F+ beams. 


7 Results on Lithium Beams 


7.1 EqQuiLtisr1umM CHARGE COMPOSITIONS OF LITHIUM BEAMS 


With the exception of some values of the ratio F,,,/F,,, in air (Leviant 
et al., 1955), the experimental values of F;,, for lithium beams in gases 
are due to Allison et al. (1960a). The quantities directly determined by 
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experiment were Fj,,/Fy,, Fo. (calorimetric detector), Fy,,/F\., and 
F,,,/F,, provided these ionic ratios exceeded 5 x 10-*. The main 
target gases were hydrogen, helium, nitrogen, nitrous oxide, and propane. 

Table XX shows the equilibrium fractions of lithium beams in 
hydrogen and helium. The maximum yield of Li- seems to be about 
F;,, = 3 x 10-4, attainable in these two gases and (at much lower 


TABLE XX 


EQUILIBRIUM FRACTIONS OF A LITHIUM BEAM IN HyDROGEN AND IN HELIUM Gases? 


Li’ 
kinetic Hydrogen Helium 
energy 
(kev) Fin Fa Fico Foo Fp Fin Foe Prep Fro Fyp 








20 0.0415 0.18 0.82 
30 0.0.48 0.17 0.83 


40 0.0,80 0.18 082 — = = <0.09 >0.90 0.0,70 
50 0.0315 0.20 0.80 0.0,73 = _ <0.09 >0.90 0.0,83 
75 0.0318 0.21 0.79 0.029 — 0.09 = — 0.012 
100 0.0;20 0.22 0.78 0.0,11 — 0.0317 0.17 0.81 0.016 
150 0.0324 0.23 0.77 0.0.48 — 0.0328 0.19 0.79 0.021 
200 0.0325 0.22 0.78 0.011 — 0.0,32 0.18 0.79 0.026 
250 0.0,35 0.19 0.81 0.020 —  0.0,35 0.16 0.81 0.031 0.0.13 
300 0.0331 0.16 0.84 0.029 —  0.0,32 0.14 0.82 0.039 0.0.39 


350 0.0;28 0.11 0.85 0.042 0.0,16 0.0,28 0.10 0.85 0.049 0.0.75 
400 0.0326 0.09 0.86 0.051 0.0.54 0.0,26 0.076 0.86 0.060 0.0,20 
475 0.0,;20 0.06 0.87 0.070 0.0331 0.0,20 0.051 0.85 0.10 0.0356 


@ Allison et al. (1960a). 


energies) in nitrous oxide and propane. A remarkable feature is the 
relatively high F,,, in helium at the lower energies; thus, for a 60-kev 
Li’ beam, F,,. is 1.3 x 10-* and 4.7 x 10-4 in hydrogen and nitrogen 
but is 9.4 x 1073 in helium (Allison et al., 1960b). 

Teplova et al. (1957) have studied the equilibrium charge composition 
of lithium beams emergent from celluloid foil. 


7.2 ToTaL CHarGE CHANGING Cross SECTIONS FOR 
LitHium BEAMS 


Table XXI gives a summary of the investigations reported on lithium 
charge changing cross sections. Most of the numerical results are from 
experiments of Allison et al. (1960a) using the method of beam attenua- 
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tion in a magnetic field. As discussed in §4.3 this method actually 
measures 4%, o,,, and in the lithium system 7 and f may range through 
the values — 1, 0, 1, 2, 3. Thus, simplifying assumptions and further 


TABLE XXI 


SUMMARY OF CHARGE CHANGING Cross SECTION INVESTIGATIONS WITH 
LirHium BEAMS 








Quantity kev Target 
Investigation measured range gases Method 

Hasted (1952) (o79+ on)  0.2-3 Neon Ion collection 

Leviant et al. (1955) O12 80-250 Air (dF ,/dm) at low z-values 
Fogel et al. (1959) O77 5-60 H, (dF;/dm) at los z-values 
Van Eck and Kistemaker 99}, 19 $-22.5 H,, He Ion collection 

(1960) 
Allison et al. (1960a) (og + 97) Attenuation in a 


(031 + O32) 20-480 H., He, N, magnetic field 
Allison et al. (1960a) 01) P10 10-480 H,, He, N, Attenuation in a 
021; F2 magnetic field plus 
Fig values 


information concerning the F,,, values are essential for the deduction 
of individual cross sections from the direct experimental results. The 
assumptions used by Allison were: 

(1) Electron loss cross sections in which two or more electrons of 
widely different ionization potential are stripped off in one collision are 
(in the rather low velocity range 5 x 10’ to 4 x 108 cm/sec covered 
by the experiments) small compared with 7a§ (8.8 x 1077 cm?). Thus, 
O%3> %3» F13» Sig, aNd oop were neglected in additive combinations with 
other, more probable cross sections. 

(2) Electron capture cross sections in which several electrons are 
caught, one of these having a binding energy to lithium less than it 
had in the target gas molecule, are small compared with za}. Such 
cross sections are, in this case, 097, G97, 039) F290: 

(3) Any cross section sum 2% o,,; may safely be assumed not to exceed 
a certain upper limit, even at such velocities that F,,, is so small that 
it is not feasible to prepare a beam for the cross-section determination. 
This upper limit is approximately the maximum value of ¥ o3,. 

By using these three assumptions, and the measured values of F;,,, 
together with the cross-section sums in the basic equations (19)-(21), 
it was possible to deduce individual values of 091, 19, G1) Sig, and 
the sums (039 + 071), (%31 + 39) 
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7.3 PROPERTIES OF ISOELECTRONIC PROJECTILES AT A 
Common VELOCITY 


The study of charge changing cross sections in the hydrogen, helium, 
and lithium projectile systems makes possible the comparison of pro- 
jectiles having the same electron configuration, and at the same velocity. 
At a velocity of 3.62 x 108 cm/sec the kinetic energies are 68, 273, 
and 478 kev, respectively (Li’). The cross sections 49, 093, (632 + ¢33) 
in hydrogen are 3.0, 12, and 30 x 10-17 cm? per H atom, respectively. 
These are in the order 1: 4: 9 or Z%. Such a simple relation is not found 
in more complex target gases. 

Another comparison of the behavior of isoelectronic projectiles may 
be made by looking at the electron capture by H®, Het, and Lit+ 
traversing various target gases at the same velocity. The capture cross 
sections to be compared are o9j, 049, 0; for the three projectiles, respect- 
ively (Fig. 11). There is a monotonic increase in the capture probability 
in hydrogen and in nitrogen as the electron affinity of the projectile 





Het energy, 30 40 
Common Velocity, 20 


150 kev 
269 xl0® cm/sec 
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Fic. 11. Comparison of the charge changing collision probabilities of projectile 
atoms and ions of the same electronic structure and the same translational velocity 
through the gases H,, He, and N,. The isoelectronic structure is the nucleus plus one s 
electron. The anomalously large cross section for the resonant reaction He (Hz, He) 
He* at low velocities is clearly indicated. 
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increases (0.73, 24.5, and 75 ev, respectively). Owing to the resonance 
between He+ and He®, the behavior in helium is entirely different: at 
the lower velocities o,) is much larger than would be predicted by 
interpolation between oj and og). 


8 Results on Boron Atomic and Ionic Beams; 
the Average Ionic Charge 


Nikolaev et al. (1957) have studied the equilibrium charge of boron 
beams traversing various gases and emerging from a celluloid. In the 
same investigation they found F;,,, values for carbon, nitrogen, oxygen, 
fluorine, and neon beams. The energies of the beams were in the range 
0.2-6 Mev. It was found that at each energy the distribution around 


the average 
i= >) iF i (40) 


t 


is closely Gaussian so that 





ey eee at 
Fao eee aa) (41) 
TT 


where f is a constant. For boron, carbon, nitrogen, oxygen, and neon 
beams it is recommended that £ be taken to be 0.65, 0.73, 0.80, 0.83, 
and 0.76, respectively. 

Fogel’ et al. (1960) give cross sections for electron capture and loss 
by boron atoms. 


9 Results on Carbon Beams 


Electron capture and loss cross sections for carbon atoms moving in 
various target gases are available from experiments by Fogel’ e¢ al. 
(1958c). Charge changing collision cross sections for C~ and C+ ions 
have been measured by Hasted (1952), Fogel’ et al. (1956, 1958b), and 
Gilbody and Hasted (1956). 


10 Results on Nitrogen Beams 


Reynolds et al. (1955b) reports a charge composition analysis of a 
prepared 26-Mev nitrogen beam, in three charged states; F, = 1 for 
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z= 5, 6, 7, after passing through various zapon thicknesses. The 
thinner foils (10 zgm/cm?) are not thick enough to equilibrate this high 
energy beam. 

Stier et al. (1954) and Nikolaev et al. (1957) give values of 7, defined 
in (40) for nitrogen beams in hydrogen, air, and argon in the range 0.1 
to 6 Mev. By using (41) an estimate of F;,, values in the vicinity of 7 
may hence be made. 


1.0 T ro ae 


09 








0.8 





O07 








06 











0.5 












































0 20 40 60 80 100 120 
Kinetic energy in Mev 


Fic. 12. Equilibrium fractions in an oxygen beam emerging from aluminum foil 
(Northcliffe, 1960). 


Information concerning the composition of charge equilibrated 
nitrogen beams, of energies from 20 kev to 30 Mev, has been obtained 
by Stier et al. (1954), Reynolds et al. (1954, 1955a), and Korsunsky et 
al. (1955). 

Data from various sources (Hasted, 1951, 1952; Fedorenko, 1954a, b; 
de Heer, 1956; Gilbody and Hasted, 1956) are available on the charge 
changing collision cross sections of N° and N+ in the low-energy range 
from 0.2 to 60 kev. In the high-energy region Korsunsky et al. (1955) 
give electron loss cross sections from 0.485 to 1.180 Mev. At 26 Mev 
Reynolds et al. (1955b) has estimated electron capture cross sections 
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in a solid for N®+ and N?+, and loss cross sections for N5+ and N®+, 
These are the only cases of cross sections given for collisions in the 
solid phase. 


11 Results on Oxygen Beams 


Fogel’ et al. (1956) have obtained data on equilibrium charge fractions 
in oxygen beams at low energies (13-45 kev). The charge composition 
of. oxygen beams from the Yale heavy ion accelerator in the energy 
range 20 to 120 Mev is shown in Fig. 12 (Northcliffe, 1960). 

Cross sections for charge changing collisions of oxygen atoms and 
ions are reported by Hasted (1951, 1952, 1953) and Fogel’ et al. (1956, 
1958b, c). 


12. Results on Atomic and Ionic Beams of the Halogens 


There seem to be no direct determinations of equilibrium charge 
fractions F;,, of halogen ionic and atomic beams. The halogens are 
distinguished by the ease with which they form negative ions, and 
considerable data on oj9 and oo; exist (Hasted, 1952, 1953; Dukelskii and 
Zandberg, 1952; Fedorenko, 1954a; de Heer, 1956; Fogel’ et al., 1958b, 
1960). 


13 Results on Neon Beams 


13.1 CHARGE COMPOSITION OF SCATTERED AND 
UNIDIRECTIONAL NEON BEAMS 


Following the discovery of the resonances which occur when the 
neutral fraction in the scattering is plotted against energy for fixed 
angle (5° lab.) scattering of a He+ beam by He (Fig. 10), other similar 
cases were investigated. In Fig. 13 the solid line curve for Fy might 
be expected to show such an effect, since we are dealing with electron 
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Fic. 13. Charge composition, in fractions of the total scattering into 5° (lab.) from 
single collisions of Net and Nett on Ne targets (Ziemba et al., 1960). 
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Fic. 14. Fraction of Ne® in the particles scattered from a Ne*+ beam at various 
laboratory angles. Neon gas target (Ziemba et al., 1960). 
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capture by Net+ from neon atoms, but there is no evidence of it. However, 
in Fig. 14 we see evidence of resonance in the capture by Ne+ from 
neon gas, as shown by peaks in the plot of the neutral fraction in the 
scattering, at constant energy, against scattering angle. The peaks are 
less prominent at 15 kev than at 10 kev (particularly at the larger scatter- 
ing angles). At 25 kev Jones et al. (1959) and Fuls et al. (1957) failed 
to detect peaks. 

Studies of the composition of charge-equilibrated unidirectional neon 
beams are given by Stier et al. (1954), Hubbard and Lauer (1955), and 
Nikolaev et al. (1957). 


13.2 Vatues oF do,,(6)/d2 AND OF 
ToTaL CHARGE CHANGING Cross SECTIONS, FOR NEON BEAMS 


The works of Fuls et al. (1957) and Jones et al. (1959) give absolute 
values of do(6) /dQ for the scattering 
(irrespective of ultimate charge state) 





of a Net ionic beam in neon and argon ' a nie 

’ da/dQ \\ 
target gases. On using these values, the *°* ol ai nebne 
absolute differential cross section corre- 10 4 (2) Net nee 
sponding to a given charge component rh 
as being scattered from a Net+ beam ae | 


may be found by multiplying by the \ 
corresponding charge fraction. 

Figure 15, from the work of Fedorenko 
et al. (1960a) shows values of dog9(@)/dQ 
and do,,(6)/d2 for Net++ ions moving 
in neon and krypton gases. The double 
electron capture process is essentially 
confined to angles very near the forward 
direction (8 < 0.5°). 

Results of researches on the charge 
changing cross sections for neon pro- 
jectiles in various target gases can be 
found in Hasted (1951), Fedorenko ; 
(1954a, b), Gilbody and Hasted (1956), Fic. 15. Absolute differential 
de Heer (1956), Ghosh and Sheridan a inca ap ranae echyrcasin bee 
(1957), Flaks and Solov’ev (1958a, b), krypton (Fedorenko et al., 1960a). 
Flaks and Filippenko (1959), Jones et 
al. (1959), and Fedorenko et al. (1960a). 














LS 
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14 Results on Argon Beams 


14.1 CHARGE COMPOSITION OF SCATTERED AND OF 
UNIDIRECTIONAL ARGON BEAMS 


The information available on charge components in argon beams is 
similar in content to that for neon beams. In an experiment by Ziemba, 
Lockwood, Morgan, and Everhart similar to that which, when conducted 
with helium, showed characteristic resonance peaks (Fig. 10), the frac- 
tion Fy of the scattered particles gives no indication of this effect, but 
as we have seen it is also not in evidence in neon (Fig. 13). Argon, 
however, exhibits an effect analogous to that seen in neon in Fig. 14. 
An earlier survey of the fraction of neutral Ar in the scattering by 
Fuls et al. (1957) and Jones et al. (1959) shows an indication of the 
maximum at 25 kev in the neighborhood of 4°. 

Results on the equilibration of unidirectional argon beams in various 
gases are reported by Stier et al. (1954). 


14.2 VaLues oF do,,(0)/dQ2 aND OF 
ToTaL CHARGE CHANGING Cross SECTIONS, FOR ARGON BEAMS 


Fuls et al. (1957) and Jones et al. (1959) have measured the differential 
cross sections for all types of scattering with and without charge exchange, 
for Ar+ in Ar. By using them in conjunction with the corresponding 
charge fractions, these may be converted into absolute units of do,,/dQ. 

Kaminker and Fedorenko (1955b) give detailed information on the 
scattering, with and without change of charge, from an Art+ beam tra- 
versing the noble gases. For a 75-kev Ar+ beam, capture of an electron 
from argon is confined very closely to the forward direction; 90% of 
the projectiles, after the capture, appear within 0.3° (0.006 radian) of the 
direction of the original beam. The angular distribution of the events 
in which an electron is stripped from the argon is quite different; a 
significant probability for this extends to larger angles. The angular 
distribution of the probability for simultaneous stripping of 4 electrons 
is quite remarkable, showing a maximum at approximately 6° scattering 
angle (lab.) which is almost 100 times as high as a secondary maximum 
for this event, which occurs at 0°. 

The charge changing collision cross sections o,, for an argon beam 


19. ELECTRON CAPTURE AND LOSS AT HIGH ENERGIES 777 


have been measured by Hasted (1951), Fedorenko (1954a, b), Kaminker 
and Fedorenko (1955b), Fedorenko et al. (1956), de Heer (1956), 
Gilbody and Hasted (1956), Ghosh and Sheridan (1957), Flaks and 
Solov’ev (1958a), Sluyters et al. (1959), and Jones et al. (1959). There 
are large discrepancies between the results of various observers on oj 
in krypton gas. 


15 Results on Krypton and Xenon Beams 


Everhart and his associates have made extensive studies of the scattering 
of fast ion beams through various angles, and in particular, the scattering 
angle 5° in the laboratory system has been chosen as typical of large 
angle scattering. The work by Ziemba et al. (1960) shows the charge 
composition of the total scattered beam at this angle. This is to be 
compared with the analogous results for argon, neon (Fig. 13), and 
helium (Fig. 10). There is no certain evidence in the heavier noble 
gases for the resonances found in helium. 

When, however, the fraction of neutral krypton atoms in the scattering 
of a 25-kev Kr+ beam is studied at various scattering angles, there is 
faint evidence of a resonance peak at 7°. 

Fedorenko et al. (1960b) gives some numerical values of differential 
cross sections (the scattering being separated out into charge components). 

Data on charge changing collision cross sections for krypton atoms 
and ions can be found in the papers of de Heer (1956), Ghosh and 
Sheridan (1957), Flaks and Solovyev (1958a, b), Flaks and Filippenko 
(1959), and Fedorenko et al. (1960a). 

Charge changing collision cross sections for xenon ions moving in the 
noble gases are given by Ghosh and Sheridan (1957), Flaks and Solov’ ev 
(1958a, b). The resonant cross section 049 for Xe+ in xenon at low kinetic 
energies reaches the very large value of 515 x 107)? cm?. 


16 Charge Changing Collisions of Fission Fragments 


The heavy nuclei which undergo fission after the absorption of a thermal 
neutron divide assymmetrically into light and heavy fragments having 
velocities of the order 10° cm/sec. The light fragments having abundances 
above 0.1% range in atomic number Z from about 35 to 47, and have 
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velocities of 5 to 6% (vp = ¢/137 = 2.19 x 108 cm/sec). Heavy frag- 
ments of comparable abundance range in Z from 53 to 63, and in velocity 
between 3 and 4vp. 


16.1 EquiLipriuM CHARGE OF FISSION FRAGMENTS 


Lassen (1945, 1955) observed the zpe/MpV>p spectrum of the fission 
fragments by placing the source in a magnetic field. The subscript p 
refers to the fission fragment, or projectile, zp is the charge of the moving 
ion, Mp its mass, and Vp its velocity. From knowledge obtained other- 
wise concerning the average energy of the two groups, Lassen was 
able to compute an average charge which characterizes them as they 
emerge from a uranium metal foil. In later experiments gas was admitted 
to the space between the source of fragments and the detector, and an 
equilibrium charge distribution, characteristic of the gas and lower 
than that of the nascent fragments, was determined. These averages 
are shown in Table XXII. Since the fissions in the uranium were initiated 
by neutron capture the effective depth of production in the metal was 
probably sufficient to impose a charge equilibrium on the emergent 
fragments which was typical of the solid foil. It is significant that this 
is higher than the gas-equilibrated values. Bohr and Lindhard (1954) 
have ascribed the difference to the fact that in a solid, and by inference, 
even in a gas at high pressure, the time interval between successive 
impacts is so brief that a projectile system which has been excited is 
more likely to suffer an ionizing impact than to return to the ground 
state with the emission of radiation. 


TABLE XXII 


EQUILIBRIUM CHARGES OF FISSION FRAGMENTS? 











. Light fragment Heavy fragment 
Medium 
traversed V1 ~ bu vi ~ Sv V2 ~ 4vo Vg ~ 3u 
H, 15.8 13.4 12.6 9.2 
He 14.1 11.7 11.6 8.6 
N, 15.1 13.8 13.9 10.5 
Ar 15.4 13.7 14.6 10.4 
U 20.0 22.0 
Mica 19.4 18.0 


2 Lassen (1955). 
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16.2 CapTuRE AND Loss oF ELECTRONS BY 
FIssSION FRAGMENTS AT CHARGE EQUILIBRIUM 


Bell (1953) and Bohr and Lindhard (1954) have shown that the 
capture and loss cross sections, o¢ and o, of a highly ionized projectile, 
like Xe5+, of atomic number Zp and ionic charge zp moving with 
velocity Vp in a gas like argon, of moderately high atomic number Z 
are given approximately by 


oe = 218 2 (Vo/V,)® ma? (42) 
o, = Z2/8 Z4l9 2-3 (V/V)? at (43) 


where V, is c/137 as before. 

When the fission fragment is at charge equilibrium as it moves through 
the target substance the capture and loss cross sections have a common 
value which may be found by elimination of zp from (42) and (43). 
The resulting cross section is roughly 


o = VZZ, (wV,) a3, (44) 


For a typical light fragment with zp = 35 and Vp = 4v) moving 
in argon, we predict about 4.47a?; for a heavy fragment with zp = 54 
and Vp = 3.5vo, the charge changing collision cross section should be 
9.4:ra?. 


TABLE XXIII 


CHARGE CHANGING COLLISION Cross SECTIONS AT CHARGE EQUILIBRIUM 
FOR Fission FRAGMENTS MovING IN Various GASES?~—¢ 








Light fragments Heavy fragments 
Gas Vp ~ 6uo Vp ~ Su Vp ~ 4u Vp ~ 3u 
H, 0.06 + 0.02 0.8 + 0.3 1.6 + 0.6 8+2 
He 0.7 + 0.3 442 942 1745 
Nz 1.4 + 0.5 8i4 15+ 8 20 + 6 
Ar 2.5 + 0.8 _ 24+ 8 = 


* Units of 8.8 x 10-1” cm? (= 7a?) per target atom. 

> Lassen (1955). 

¢ The values corresponding to velocities 6vp, 5v 9, 4v9, and 3v9 refer to ionic charges 
Zp of 20, 19.4, 22, and 18 electronic units, respectively. 
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Lassen was able to make estimates of collision cross sections at 
equilibrium by studying the magnetic spectrum of the fission fragments 
traversing a chamber in which the gas pressure could be raised from 
low values to those in the range where the charge was independent of 
pressure. His results are shown in Table XXIII. They are in qualitative 
agreement with (44) in that the light fragments show lower cross section 
values than the heavy, and within each group the particles of higher 
velocity have lower cross sections. 
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1 The Nature of the Relaxation Process 


This chapter is concerned with the interchange of translational, vibra- 
tional, and rotational energy between molecules in collision. For all 
ordinary purposes translational energy may be regarded as freely inter- 
changed in collisions, and a gas can take up or lose translational energy 
at a rate depending only on the intermolecular collision rate. The two 
forms of internal energy, vibrational and rotational, are both quantized, 
and are not freely interchanged with translational energy in collision. 
The probability of a transition between either vibrational or rotational 
energy and translational energy occurring in a collision is always less 
than unity, so that a molecule may, on the average, undergo a consider- 
able number of collisions before it can gain or lose internal energy. 
This results in a relaxation of the internal energy when the gas undergoes 
any process involving very rapid energy change; the internal energy 
lags behind the translational energy so that, at a particular instant, the 
vibrational or rotational temperature of the gas differs from the trans- 
lational temperature. 
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If P) is the transition probability per collision for a change in internal 
quantum number from 1 — 0, the average number of collisions 
required for a molecule to lose one quantum will be Z) = 1/Pypo. 
If Z is the total number of collisions one molecule suffers per second, 
a relaxation time, B, may be defined by the equation 


Zy = ZB. (1) 


Z is proportional to the gas pressure, and, since Zj, is a constant for a 
particular transition, the actual value of 8 is inversely proportional to 
the pressure. For convenience, relaxation times are usually referred to 
a pressure of | atm. Equation (1) is an approximation, as the gas kinetic 
collision number, Z, requires modifying by a factor taking into account 
the equilibrium Boltzmann distribution of molecules between quantum 
states, e.g., for a two-state system involving an energy quantum, e, the 
correct equation is 


Zy) = ZB(1 + e</*7) (2) 


which approximates closely to (1) for large values of « (Herzfeld and 
Litovitz, 1959). 


2 Phenomena Associated with Relaxation 


2.1 ULTRASONIC DISPERSION AND ABSORPTION 


The passage of a sound wave through a gas involves rapidly alternating 
adiabatic compression and rarefaction. The adiabatic compressibility 
of a gas is a function of y, the ratio of the specific heats, and the classical 
expression for the velocity, V, of sound in a perfect gas is 


V2 = yRT/M = 


RT ( R ). (3) 


a a 
When the period of the compression-rarefaction cycle becomes com- 
parable with the relaxation time, the internal temperature of the gas 
lags behind the translational temperature for the whole of the cycle, 
so that the effective values of Cy and of y become frequency dependent. 
This results in a dispersion zone, over which V changes from a value 
corresponding to the static specific heat, Cy, at lower frequencies, to a 
value corresponding to C,, = (Cy, — C1), at higher frequencies, C1 
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being the contribution due to the relaxing form of internal energy. 
The variation of sound velocity with cyclic frequency, w, is given by 


Ric, <f- Cont) 


=e tees ca 


(4) 


The relaxation time, 8, may thus be calculated from measurements of 
sound velocity over a range of frequencies covering the dispersion zone. 
Dispersion usually occurs at ultrasonic frequencies ranging from 50 ke 
sec} to 10 Mc sec~4, and the velocities may be accurately measured by 
an acoustic interferometer employing a piezoelectric quartz oscillator. 
Since B is inversely proportional to the pressure, doubling the pressure 
is exactly equivalent to halving the frequency in the context of (4), and 
it is usually convenient to make measurements at constant frequency 
and varying pressure. Corrections for gas imperfection are essential, 
and require an accurate knowledge of the second virial coefficient of the 
gas over a range of temperatures. The dispersion process is accompanied 
by a nonclassical absorption of sound, rising to a maximum at a value of 
frequency/pressure in the center of the dispersion zone. The absorption 
coefficient, py, is given by 


— VsV2—1 


2eiCeB 
= WAV (Coal A ©) 


and measurements of absorption may also be used to evaluate 8. Measure- 
ments of ultrasonic dispersion and absorption are the most convenient 
and accurate way of investigating relaxation times involving low-lying 
energy levels. The technique of acoustic interferometry can be applied 
only at temperatures below 300°C, as suitable transducers which will 
operate efficiently as ultrasonic generators at higher temperatures are 
not available. A novel acoustic method, employing measurement of 
reverberation time in a large resonant cavity, with an external trans- 
ducer operating at frequencies below the relaxation frequency, has been 
used by Lukasik and Young (1957) at temperatures as high as 1186°K. 
Edmonds and Lamb (1958a, b) have used a similar method at 25°C 
and obtained relaxation times in excellent agreement with ultrasonic 
velocity measurements. An extensive and detailed theoretical and experi- 
mental treatise on ultrasonic dispersion and absorption has recently been 
published by Herzfeld and Litovitz (1959), and there are recent 
reviews by Richardson (1955) and McCoubrey and McGrath (1957). 
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2.2 AERODYNAMIC PHENOMENA 


2.2.1 Shock Waves 


When a shock wave travels through a gas, a thin layer behind the 
shock undergoes extremely rapid adiabatic compression, resulting in an 
increase of density and temperature. If there is relaxation of internal 
energy, the translational energy alone is affected directly behind the 
shock, resulting in an initial rise in temperature and density corres- 
ponding to an effective specific heat, (Cp — Ci). As the energy sub- 
sequently leaks into the internal degrees of freedom, the translational 
temperature decreases and the density increases until they reach values 
corresponding to the static value of Cp a short distance behind the 
shock. The density profile behind the shock front thus depends on the 
relaxation time. The theory of this effect has been worked out by Bethe 
and Teller (1941), and measurements of density profiles may be made 
in shock tubes by various optical methods, thus enabling calculations 
of relaxation times. (cf. Smiley and Winkler, 1954; Green and Hornig, 
1953). The results are less accurate than those obtained by ultrasonic 
methods, and there are obvious experimental difficulties in ensuring 
chemical purity of materials, but the method has the great advantage 
of enabling relaxation times to be obtained for temperatures up to 
3000°K (at higher temperatures chemical decomposition sets in). 

Application of spectroscopic techniques to shock tube experiments 
gives interesting confirmation of the reality of the relaxation effect. 
Windsor and associates (1957) investigated the infrared emission arising 
from vibrational excitation of carbon monoxide during passage of a 
shock wave, and obtained relaxation times in fair agreement with those 
calculated from density profile measurements. Clouston et al. (1958, 
1959) have employed a sodium line reversal technique to investigate 
temperatures in shock waves. They find that, in nitrogen, the sodium 
atom excitation temperature is in equilibrium with the vibrational tem- 
perature of the gas rather than with the translational temperature, and 
rises from a relatively low value immediately behind the front at a 
rate consistent with the vibrational relaxation time of nitrogen as measured 
by conventional methods. 


2.2.2 The Impact Tube 


Rapid adiabatic compressions and rarefactions with accompanying 
temperature changes also occur in the flow of gases past obstacles. The 
time in which these changes take place is controlled by the dimensions 
of the obstacle and the velocity of flow. If the time intervals involved 
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are comparable with the relaxation time of the gas, there will be a lag 
in the adjustment of the internal heat capacity, resulting in an increase 
of entropy and a dissipation of energy. Kantrowitz (1946) has developed 
a quantitative theory of this effect, and has calculated relaxation times 
for a number of gases by measuring the pressure developed in a small 
Pitot tube which forms an obstacle in a rapid gas stream (Huber and 
Kantrowitz, 1947). This method is not very accurate, and requires 
large quantities of gas whose purity is difficult to ensure, but it has 
enabled, for example, a relaxation time to be obtained for water vapor 
at temperatures between 400° and 700°K. This effect of relaxation on 
aerodynamic flow past obstacles is of technical importance where gases 
other than air are used in wind tunnel tests. The drag on an aerofoil in 
a relaxing gas, such as carbon dioxide, will be different from the drag 
in air at the same Mach number and Reynolds number. The influence 
of relaxation on rapid adiabatic expansion is also important in calcula- 
tions involving nozzle flow in rocket motors (Penney and Aroeste, 1955). 


2.3. PHOTOCHEMICAL AND CHEMICAL PHENOMENA 


Lipscomb et al. (1956) have produced oxygen molecules in a high 
state of vibrational excitation by the flash photolysis of chlorine dioxide 
or nitrogen dioxide in an excess of inert gas. The rate of decay of this 
vibrational excitation can be directly followed by spectroscopic tech- 
niques, and estimates made of the vibrational relaxation times corres- 
ponding to heteromolecular collisions of the excited oxygen with various 
other gases. This technique enables investigation of the energy transfer 
process from higher vibrational energy levels (up to 8 quanta in this 
case), in contrast to techniques previously discussed, which are mainly 
concerned with 0 = 1 transfers. The estimated relaxation times show 
the same general trends as observed for lower energy transitions (§ 5). 
Vibrational deactivation of O, by N, is extremely inefficient, (Z,) > 10), 
while the more efficient deactivators are free radicals, which show 
incipient chemical reactivity, and molecules with near resonant vibra- 
tional levels. 

Molecules with high vibrational excitation are also produced in 
exothermic chemical reactions. Garvin et al. (1960) have shown that 
OH radicals possessing up to 10 quanta of vibrational excitation are 
produced in the cold “atomic flame” which results on mixing atomic 
hydrogen with ozone. Interpretation of the emission spectrum shows 
that, while the vibrational energy of the OH radicals present rapidly 
approaches an equilibrium Boltzmann distribution, there is considerable 
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time lag in reaching thermal equilibrium with rotation and translation 
(cf. § 5). Cashion and Polanyi (1960) have investigated the behavior 
of vibrationally excited HCl and DCl molecules, formed in the atomic 
reactions: H + Cl,; H + HCl; H + DCI; and D + HCI, by following 
infrared emission, and reach conclusions which are similar. Harrington 
et al. (1960) produce vibrationally excited sec-butyl-d, radicals by addi- 
tion of D atoms to cis-butene-2, and conclude from the chemical kinetics 
of the system that easy collisional deactivation occurs. This is in accord 
with expectation for a radical possessing internal rotation (see § 4.2), 
Frey and Kistiakowsky (1957) produced vibrationally “hot” methylene 
radicals by photolysis of ketene; this was allowed to react with ethylene 
to produce a vibrationally “hot’’ cyclopropane molecule, which sub- 
sequently isomerized to propylene. They infer that the vibrational 
excitation of the cyclopropane molecule is much more easily removed 
by collision than that of the methylene radical. As the vibrational fre- 
quencies of the methylene radical are much higher than those of cyclo- 
propane; this is again in accordance with expectation (§ 4). 

While the techniques described in this section are so far only suffi- 
ciently developed to yield semiquantitative information about relaxation 
processes, the general importance of relaxation phenomena for chemical 
kinetics is obvious. The accumulation of sufficient vibrational energy 
in a particular interatomic bond in the molecule is the main criterion 
for chemical reaction occurring, and an understanding of the way in 
which vibrational energy transfer takes place between molecules, and 
between different fundamental vibrational modes in a molecule, is 
basic to an understanding of reaction mechanisms. Relaxation pheno- 
mena may be especially important in very fast reactions, such as occur 
in high-temperature flames (Gaydon, 1948). 


2.4 SpecTRoscopic PHENOMENA 


A polar molecule may be vibrationally excited by absorption of 
intense infrared radiation of the appropriate wavelength. The energy 
absorbed will be subsequently degraded by intermolecular collisions to 
thermal (translational) energy at a rate depending on the relaxation 
time. If pulsed radiation is used, sound will be generated in the gas at 
an intensity depending on the relation between the pulse frequency 
and the relaxation time. This is the basis of the spectrophone, originally 
devised by Slobodskaya (1948), which is in principle an ideal method 
for following the relaxation of excitation of a specific intramolecular 
vibration. Unfortunately, the experimental difficulties are formidable, 
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and so far only semiquantitative results have been obtained (Jacox and 
Bauer, 1957). Relaxation of vibrational and rotational energy following 
photoexcitation is of importance in the consideration of energy distribu- 
tion among molecules in the upper atmosphere, where intermolecular 
collision rates are very low (cf. Heaps and Herzberg, 1952). Fluorescence 
phenomena also involve collisional deactivation of a vibrationally excited 
molecule in an upper electronic state; a review of this aspect of fluores- 
cence in gases has been published by Stevens and Boudart (1957). 


2.5 Gas KINETIC EFFECTS 


The classical kinetic theory of transport properties relates viscosity, 
y, and thermal conductivity, k, of a gas at moderate pressures by the 
relation 

k = 2.5nCy/M (6) 
(Chapman and Cowling, 1939). This based on the assumption of free 
interchange of translational and internal energy at every collision. 
Experimental values of the ratio, k/n, for polyatomic gases are consistently 
lower than given by (6), and Eucken (1913) proposed the view that, if 
there is negligible collisional interchange between translational and 
internal energy, the latter is transported by a simple diffusion process, 
giving the modified relation 


k = (n/M) (2.5Ctrans + Cyvin + Crot). (7) 


Recent systematic measurements of transport properties of polyatomic 
molecules (Schafer, 1943; Craven and Lambert, 1951; Lambert et al., 
1955) have given rise to further modifications of this relation, but 
have confirmed the view that, for most molecules, there is negligible 
interchange of translational with vibrational (and, possibly, rotational) 
energy in the contest of (7). It appears that very rapid interchange 
(Zo < 5) is required to render the Eucken assumption invalid, and 
that this may occur with long chain hydrocarbons, which are also shown 
by ultrasonic measurements (§4.2) to suffer easy energy transfer. 
Recent measurements of the pressure variation of thermal conductivity, 
as pressure falls towards the Knudsen domain (Waelbroeck and Zucker- 
brodt, 1958), show evidence of rotational relaxation for hydrogen and 
oxygen, giving values; Z;) = 300 for H,, and Z,, = 20 for O,, which 
are in striking agreement with ultrasonic values (§ 3). Diffusion rates 
of polyatomic molecules under gas kinetic conditions also appear to be 
influenced by ease of energy transfer (Clarke and Ubbelohde, 1957), 
and a similar influence may operate in thermal diffusion (Danby et al., 
1957). 
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3 Rotational Relaxation 


Rotational quanta are much smaller than vibrational quanta, and the 
probability of a translation-rotation energy transfer occurring in collision 
is correspondingly higher. Rotational relaxation times are therefore very 
small: for most gases the average number of intermolecular collisions 
needed for transfer is < 10, corresponding to a relaxation time of the 
order, 10-® sec. Rotational relaxation phenomena thus play a compara- 
tively unimportant role, and are also difficult to measure. This, coupled 
with the fact that rotational energy is of less chemical significance than 
vibrational energy, has led to rotational relaxation being given com- 
paratively little attention. 

The theoretical treatment of translation-rotation transfer is in principle 
less simple than that of translation-vibration. Molecules will be 
distributed among a variety of rotational levels under most experimental 
conditions; these levels differ in magnitude, and a number of different 
transition probabilities have to be considered (in contrast to vibrational 
relaxation, where the | = 0 transition predominates). The problem is 
simplified for hydrogen, where the quantum is much larger, and only 

= 2 transitions for p — H, and 1 = 3 transitions for o — H, are 
important. Brout (1954a) has made a quantum-mechanical calculation 
by the method of distorted waves, and obtains, Py) = 3.04 x 10% 
(Zoo = 329) and P3, = 2.96 x 10-3 (Z,, = 338). These values compare 
well with the experimental value, Z* (= ZB) = 350, calculated from 
ultrasonic dispersion measurements on n — H, at 0°C by Stewart and 
Stewart (1952). Takayanagi (1957, 1959) has performed similar calcula- 
tions for H, and D,, which also give fair approximation to the experi- 
mental results, and finds that the transfer probability is much larger 
for HD, where single quantum transitions are allowed. 

For heavier homonuclear diatomic molecules (M > 20), similar 
theoretical methods (Brout, 1954b) show that the mean transition 
probability may be taken as approximately equal to 4(d,/ro)?, where dy 
is the internuclear distance in the molecule, and r, the kinetic collision 
diameter. The reasons for the simplicity of this result are interesting. 
Temperature disappears from the relation because the increased spread 
of occupied rotational levels at higher temperatures causes a lowering of 
the probability, which cancels out the favorable effect of increased 
velocity of approach. Mass disappears because a larger moment of 
inertia brings the rotational levels closer and increases the probability, 
canceling out the adverse effect of the decreased velocity of approach 
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of heavier molecules. The intermolecular potential is unimportant, as 
the collision time is always short with respect to the frequency of the 
rotation. The resulting values of Z* = 1/P are 17 for O, and 23 for N,, 
which are higher than the most recent experimental values obtained by 
ultrasonic dispersion; Z* = 5.3 for N, and 4.1 for O, (Greenspan, 
1959). The latter are confirmed by shock wave measurements by 
Andersen and Hornig (1959) giving, for N,, Z* = 5.5. A similar low 
value, Z* = 7, has recently been found from acoustic absorption 
measurements on HCl (Breazeale and Kneser, 1960). This is particularly 
surprising, as the HCl molecule has a much smaller moment of inertia 
than O, or N, combined with a similar over-all mass, and would be 
expected to show much less efficient transfer. Breazeale and Kneser 
(1960) suggest that the high dipole moment of the molecule may have a 
profound effect on the efficiency. There is independent evidence for an 
effect of dipole moment on the nature of the intermolecular collision 
process, from observations on gas kinetic transport properties (Schafer, 
1943; Craven and Lambert, 1951). The high efficiency of equilibration 
of rotational energy among HCl molecules is confirmed by shock tube 
measurements (Andersen and Hornig, 1959). The OH radical, which 
resembles HCl, is also shown by spectroscopic examination of detonation 
waves (Kistiakowsky and Tabbutt, 1959) to have a low rotational 
relaxation time, corresponding to Z* = 10. Shock tube measurements 
on the heavier triatomic molecules N,O and CO, give values of Z* 
between 1 and 2 collisions (Andersen and Hornig, 1959), and it may 
be inferred that for the majority of polyatomic molecules rotational 
relaxation is, for all practical purposes, nonexistent. 

Polyatomic spherical top molecules have been theoretically treated by 
Wang Chang and Uhlenbeck (1951), who find for homomolecular 
collisions the simple expression, 


Z* = (1 + 28)%/b, 


where b = I/Ma?; I is the moment of inertia, M the reduced mass of 
the collision, and a the sum of the molecular radii. This gives for CH,, 
Z* = 18, which is in good agreement with the experimental values, 
14-17, obtained ultrasonically by Kelly (1957). Heteromolecular collisions 
between a spherical top molecule and an inert gas are treated by Widom 
(1960), who finds a theoretical expression, 


Z* = $1 + bb, 


giving values of Z* ranging from 2 for (CCl, + Ar) to 22 for (CH, + Ar). 
No experimental data are available for comparison. 
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4 Vibrational Relaxation in Pure Gases 


4.1 Diatomic MOLECULES 


The theoretical problem of vibrational relaxation for a diatomic 
molecule is less intractable than either vibrational relaxation in a poly- 
atomic molecule, or rotational relaxation. In its lower energy states, the 
diatomic molecule can be regarded as a simple harmonic oscillator, 
and, in the majority of cases, hy > kT, so that only 0 =1 or 1 =2 
transitions, which are of equal energy, come into consideration. Experi- 
mental investigation is unfortunately difficult, as most diatomic molecules 
have high vibrational frequencies which are appreciably active only at 
higher temperatures, where the more accurate ultrasonic techniques 
cannot be used. A physical picture of the problem may be expressed 
in terms of Ehrenfest’s adiabatic principle: if a changing external force 
acts on a periodic motion, the process will be adiabatic if the change 
of force is small during a period of the motion, and nonadiabatic if the 
change is large during this time. The criterion for a nonadiabatic process, 
involving energy transfer, is thus a collision which is of short duration 
compared with the period of oscillation. The brevity of the collision 
depends on the velocity of approach of the molecules, proportional to 
(T/M)1/?, and on the steepness of the intermolecular repulsion potential; 
the period of the oscillation is v-!. The probability of energy transfer 
is thus favored by low mass, increase of temperature, steep intermole- 
cular repulsion potential, and low vibrational frequency. An early 
classical quantitative treatment based on these principles by Landau 
and Teller (1936) gave a striking approximation to the results of more 
recent theoretical treatments. 

Modern quantum-mechanical theory treats the collision as a parallel 
stream of molecules, which may be regarded as a de Broglie wave, 
falling on a molecule regarded as stationary. Vibrational excitation 
corresponds to inelastic scattering of the wave. The problem may be 
handled quantitatively by the method of distorted waves, due to Jackson 
and Mott (1932). The treatment originated by Schwartz et al. (1952), 
usually referred to as the S.S.H. method, has been developed in various 
ways, which are discussed in detail by Herzfeld and Litovitz (1959). 
The transfer probability, P,9, is given by Schwartz and Herzfeld 
(1954) in the form: 


P,_g = 0.716(1 + C/T) (relro)® (77/3)! (Sa uhv/a*h)? 
x V2_, xl? exp (— 3x + hv/2kT + ¢/kT) (8) 
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where V,_, is the oscillatory “matrix element” for the 0 > | quantum 
jump, C is Sutherland’s constant, re is the distance of closest approach, 
rq is the zero of the intermolecular potential energy curve, u is the reduced 
mass of the colliding particles, «* is the particular value of the inter- 
molecular repulsion potential corresponding to an exponential expression, 
V = Vy exp (— ar) + e, € is the depth of the minimum in the potential 


energy curve, and 
Qn*u2(hv)? 71/3 
= [per a*hkT . 


This expression enables, in principle, an a priori calculation of P,, 
and f to be made in terms of the mass, vibrational frequency, temperature, 
and intermolecular force field. Py) is very strongly dependent on the 
intermolecular repulsion parameter, «*, and a critical factor in the 
calculation is the fitting of the exponential expression, V = V, exp 
(— ar) + «, to an actual intermolecular potential function, such as the 
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Fic. 1. Comparison of calculated and experimental relaxation times (Dickens and 
Ripamonti, 1961). This figure is reproduced by kind permission of the Council of the 
Faraday Society. 


794 J. D. LAMBERT 


Lennard-Jones. This problem is discussed in detail by Herzfeld and 
Litovitz (1959), who conclude that the best method involves making 
a two-point fit between the exponential and Lennard-Jones curves. 
Dickens and Ripamonti (1961) have compared values of B calculated 
by this method with some of the more reliable experimental values 
available. These are plotted in Fig. 1, together with data for some 
polyatomic molecules, which are discussed in § 4.2, and the relevant 
data and sources are listed in Table I. It will be seen that for the diatomic 


TABLE I 
EXPERIMENTAL AND CALCULATED RELAXATION TIMES®? 





B, (u sec) By (# sec) 

Molecule® T(°K) calc exptl References 
O, 288 5840 3180 (a) 
Nz 3480 10 19 (b) 
co 2200 26.7 100 (c) 
Cl, 290 7.88 3.4 (d) 

5.0 (e) 
Br, 331 1.42 1.6 (d) 
0.81 (e) 
I, 453 0.495 0.85 (d) 
0.104 (e) 
C.H, 298 0.0285 0.041 (f) 
0.067 (g) 
N,O 273 1.53 1.18 (h) 
COS 288 0.827 0.902 (h) 
CS, 288 0.44 0.64 (h) 
CoO, 300 3.80 2.53 (h) 
H,O 585 0.00158 0.03 (i) 
SO, * 373 0.36 0.089 (j) 
CH,Cl, * 303 0.0158 0.00195 (k) 
CH, 303 2.70 1.06 (1) 
CH;Cl 303 0.147 0.078 (k) 
CHCl, 303 0.0510 0.0060 (k) 
Cc, 303 0.0420 0.0062 (k) 


@ This table is reproduced by kind permission of the Council of the Faraday Society. 
> Dickens and Ripamonti (1961). 
¢ *_Denotes shorter relaxation time. 


REFERENCES 
(a) Knétzel and Knétzel (1948). (g) Edmonds and Lamb (1958b). 
(b) Blackman (1956). (h) Herzberg and Litovitz (1959). 
(c) Windsor et al. (1959). (i) Huber and Kantrowitz (1947). 
(d) Richardson (1959). (j) Lambert and Salter (1957). 
(e) Shields (1960). (k) Sette et al. (1955). 


(f£) Lambert and Salter (1959). (1) Eucken and Aybar (1940). 
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molecules there is general agreement between theory and experiment 
(though this is far from true for many earlier computations, cf. Herzfeld 
and Litovitz, 1959). Dickens and Ripamonti (1961) also show that, 
using values of « listed in this way, a fair approximation to the correct 
linear dependence of log Pj, and 7-1/8 is given, where experimental 
data are available over large ranges of temperature. They conclude 
that the S.S.H. treatment is satisfactory for diatomic molecules, provided 
an adequate fit is used for the intermolecular potential. The systematic 
errors which have been reported previously by Arnold and associates 
(1957) are due mainly to the use of a theoretical expression which omits 
part of the exponential term in (8). 

The quantum-mechanical treatment has been extended to energy 
transfer probabilities for diatomic molecules in higher vibrational levels 
by Shuler and his collaborators (cf. Shuler and Zwanzig, 1960), who 
show that there is appreciable probability for jumps involving more than 
one quantum. This will be important in the high-temperature pheno- 
mena discussed in § 2.2 and § 2.3, rather than in ultrasonic measure- 
ments, and the experimental techniques are not yet sufficiently refined 
for comparing theory with experiment. 


4.2. PotyaTomic MOLECULES 


The problem for polyatomic molecules is complicated by such mole- 
cules possessing more than one fundamental mode of vibration. The 
frequencies of these modes differ, so that there are a number of different 
possibilities for translation-vibration transitions. The possibilities for 
a molecule with two active vibrational modes, of frequency v, and rp, 
are illustrated in Fig. 2. There are three possible transitions; 


(a) Transfer of translational energy to 0 > 1 excitation of the mode 
v,, with relaxation time, f,. 

(b) Transfer of translational energy to 0 > 1 excitation of the mode 
va, with relaxation time, Bp. 

(c) The complex transfer of a quantum of vibrational energy from 
mode, v,, plus the necessary increment of translational energy, to give 
0— 1 excitation of mode, v,. Owing to the quantized nature of the 
process, this can occur only in collision, and will correspond to a relaxa- 
tion time, 8,., which will be pressure dependent in the same way as 


B, and f». 
For the vast majority of polyatomic molecules, which have been investi- 


gated experimentally, 8. > 8, > By., and a single relaxation process is 
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observed, with a relaxation time corresponding to f,; the energy then 
rapidly flows in collisions involving complex transfer to the second 
mode, v, (and other modes, if present). Process (a) is thus the rate 
controlling step for a relaxation of the whole of the vibrational energy 


Be 


(a) 


¥ v2 
rN 


Fic. 2. Energy level diagram showing possible transitions for a molecule with two 
fundamental vibrational modes. 


of the molecule. It may be shown that, if the over-all relaxation time 
is B, then B, = (C,/Cs) 8, where C, is the specific heat contribution 
due to mode | alone, and Cs the total vibrational specific heat. 

For the few molecules where there is a large frequency difference 
between v, and v,, the probability of the complex transfer can be much 
smaller, and the condition, 8, > 8,, > 8,, applies. This gives rise to 
a double relaxation process: the longer relaxation time, B,., involves a 
vibrational specific heat, (Cs — C,); the shorter relaxation time, f,, 
involves a vibrational specific heat, C,. This has been observed for 
CH,Cl, (v, = 283; v, = 704cm7) by Sette et al. (1955), and for 
SO, (v, = 525; v, = 1150 cm~!) by Lambert and Salter (1957). Both 
these gases, in fact, have three active fundamental modes: the energy 
levels for SO, (v3 = 1360 cm-) are shown in Fig. 3. Detailed theoretical 
calculations by Dickens and Linnett (1957), using the S.S.H. method, 
show that the shorter observed relaxation time corresponds to the direct 
excitation of the first level of v,, and the longer relaxation time to the 
complex transition between the second level of v, and the first level of 
v,. The complex transition from the first level of v, to the first level 
of vs has a much higher probability and is not rate determining. A similar 
theoretical picture was shown by Tanczos (1956) for CH,Cl,. It appears 
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in general that the approximate criterion for a molecule to show double 
relaxation is the condition that, v, > 2v,, a distribution of frequencies 
which is rare among polyatomic molecules generally. 

The torsional oscillations, which occur in more complex molecules, 


1500 
1000 Bia 
iy 
500 
B, 
4 % ¥3 


d 


Fic. 3. Energy level diagram showing transitions for SO,. 


due to hindered internal rotation, behave similarly to other fundamental 
modes in respect to the overall molecular relaxation process (Lambert 
and Salter, 1959). In the few cases where there is a large gap between the 
torsional frequency and the other modes, as in C,Hg, a double relaxation 
process is observed. Otherwise vibrational energy enters all modes via 
the torsional mode, giving rise to a single relaxation process involving 
the whole of the molecular vibrational energy, with a relaxation time 
characteristic of the torsional mode. Since torsional modes of complex 
molecules, such as higher hydrocarbons, usually have very low frequen- 
cies, (< 200 cm~), energy transfer between translation and vibration 
is very easy (Zi) < 5). 

Values of 8,, measured by acoustic techniques, are now available for 
a fairly large range of polyatomic molecules which show the single 
relaxation process described above. Theoretical prediction of relaxation 
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times may be made by the S.S.H. method, as extended by Tanczos 
(1956), but there is greatly increased difficulty in finding and fitting 
an adequate intermolecular potential for polyatomic molecules, espe- 
cially when polar. Tanczos (1956) and Dickens and Linnett (1957) both 
used a Krieger potential for calculations on CH,Cl, and SO,, respect- 
ively, and both succeeded in predicting the double nature of the relaxa- 
tion process and the approximate ratio between the two relaxation times, 
but the absolute calculated transition probabilities were too small by a 
factor of 5 to 10. A calculation for CH, by Cottrell and Ream (1955) 
showed similar discrepancies with experiment. The theoretical values 
for polyatomic molecules shown in Fig. 1 were all calculated by similar 
methods, and it will be seen that agreement with experiment is far less 
satisfactory, particularly for polar molecules and where short relaxation 
times are involved, than for the simple diatomic molecules. 

Consideration of the available experimental data for polyatomic 
molecules at temperatures close to 30°C by Lambert and Salter (1959) 
shows that there is a striking and very simple empirical relationship 
between the frequency of the lowest fundamental mode, vmin, and the 
value of Z,9: this is shown in Fig. 4. Molecules fall into two classes, 
differentiated by the presence or absence of hydrogen atoms; each 
class showing a linear relation between log Z,) and vmin. The existence 
of this simple relation, which is entirely independent of mass or inter- 
action potential, covering a wide range of molecules, suggests that the 
kinetic energy involved in the collision (rather than the velocity of 
approach) and the size of the vibrational quantum are the main factors 
determining the probability of transfer. This view was proposed by 
Fogg et al. (1953), based on the physical assumption that transfer only 
occurs when the two colliding molecules possess sufficient translational 
energy to penetrate deeply into one another’s force fields. If the energy 
required is ¢«, and is proportional to the size of the vibrational quantum, 
hvmin, the probability of transfer in a single collision is 


Py) = exp (— «/kT) = exp (— Xhvmin/RT) 
and 
Zy = 1/Py9 = exp (Xhrmin/kT) (9) 


which gives the required linear relation between log Z,) and vmin, with 
values of X ~ 2 and 4 for the two classes shown in Fig. 4. 

The effect of the presence of hydrogen atoms in the molecule in 
facilitating energy transfer was first noticed by Rossing and Legvold 
(1955) for a series of freon molecules; a qualitative explanation was 
suggested by Lambert and Salter (1959). In any vibration involving a 


20. RELAXATION IN GASES 799 





200 400 600 800 1000 1200 1400 
Vein (om!) 


Fic. 4. Relation between Z,) and vmin for molecules showing a single relaxation 
process (Lambert and Salter, 1959). Values listed in order from the bottom upwards 
(temp., 300°K), (Letters in parentheses refer to the references listed below.) O, molecules 
containing no hydrogen atom; C.F, (a); CF,Br, (6); CF,BrCl (b); CF,Cl, (6); CFCl,; (5); 
CCl, (c); CF;Br (b); CF3Cl (6); SF, (d); CF, (a); CS; (e); NO (f); COS (g); Cl. (A); 
CO, (f). @, molecules containing one hydrogen atom; CHCI,F (6); CHC1, (c); CHCIF, 
(b); CHF; (a, 6). @, molecules containing two or more hydrogen atoms; CH,CIF (6); 
CHI (é); CHF, (a); CH;Br (6, i); C,H,; CH;Cl (6); C2H,O (e); C,H, (7); eyclo-CsH, 
(j); CHF (¢); CH, (k). A, deuterated molecule; CD,Br. This figure is reproduced 
by kind permission of the Council of the Royal Society. 

Key to references: 


(a) Fogg and Lambert (unpublished results) (g) Eucken and Aybar (1940) 


(b) Rossing and Legvold (1955) (h) Eucken and Becker (1934) 

(c) Sette et al. (1955) (i) Hanks and Lambert (unpublished 
(d) O’Connor (1954) results) 

(c) Sette et al. (1955) (j) Corran et al. (1958) 

(e) Angona (1953) (k) Cottrell and Martin (1957) 


(f) Eucken and Niimann (1937) 
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bond between a heavy atom, such as carbon, and a much lighter atom, 
such as hydrogen, the latter will execute far more extensive motions 
relative to the centre of mass than the former. This extensive motion 
will have a correspondingly greater effect on the intramolecular force 
field. Conversely, a collision in which the impact is received on a peri- 
pheral hydrogen atom might be expected to result in a greater perturba- 
tion of the molecular force field, than when the impact is received on a 
heavier atom. Since the ratio between the mass of a hydrogen atom and 
the total molecular weight is of a different order to the corresponding 
ratio for any other atomic species, it is to be expected that molecules 
containing hydrogen atoms should fall in a class of their own. 

The temperature dependence of vibrational relaxation in polyatomic 
molecules can usually be investigated only over a limited range, owing 
to thermal instability at high temperatures. Amme and Legvold (1959) 
have made measurements on a number of freons at temperatures up 
to 400°C, and find fair agreement with the S.S.H. theory (8), particularly 
if a steeper intermolecular repulsion potential than the Lennard-Jones, 
6-12, is used. Discrepancies reported by Arnold et al. (1957) for a 
number of gases, and by Corran et al. (1958) for ethylene cyclopropane 
and carbon tetrafluoride, are due mainly to the use of an inaccurate 
abbreviation of (8), (cf. §4.1). The alternative relation, (9), predicts 
in all cases a temperature dependence several times greater than observed, 
and is not satisfactory in this respect. On the other hand, certain strongly 
polar molecules, such as SO,, CH;F, and CH,;Br, show a definite reversal 
of temperature dependence at lower temperatures, so that Pj is larger 
at 20°C than at 100°C (Corran et al., 1958). This cannot be explained 
on the basis of either theory, and would accord with the view recently 
expressed by both Herzfeld and Litovitz (1959) and Dickens and 
Ripamonti (1961), that collisions between complex polyatomic molecules, 
especially when polar, are in general of much longer duration than 
collisions between simpler molecules, so that the physical basis of 
(8) no longer applies; and that energy transfer may occur via a “tran- 
sition state” involving some form of intermolecular association complex. 
There is independent evidence from virial coefficient measurements 
for such association occurring in polar vapors (Lambert, 1953), and 
this is of course more marked at lower temperatures. The unexpectedly 
high transfer efficiency recently reported for gaseous NO (vmin = 
1878 cm~?; Zy) = 2700 at 293°K) by Bauer et al. (1959) and Robben 
(1959) may be due to intermolecular association, for which, in this case, 
there is spectroscopic evidence (D’Or et al., 1951). If such association 
is regarded as a chemical reaction, requiring an energy of activation, 
there is some justification for the exponential form of (9), but the physical 
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basis of this equation is at present much too crude, and it is quite 
unclear how a theory of this kind will link with the S.S.H. treatment. 

It is interesting that vibrational relaxation phenomena in liquids, 
where the molecules can be regarded as in continual close association, 
show the same general features as for the corresponding gases, e.g., 
double relaxation for CH,Cl, and SO, (Andreae, 1957; Bass and Lamb, 
1957), and energy transfer would appear to occur in binary collisions 
with the same transfer probability per collision as in the gas (Litovitz, 
1957; Bass and Lamb, 1958). This is also the case with very highly 
compressed gaseous COg, at a temperature above the critical temperature, 
where the relaxation time remains inversely proportional to the density 
up to a pressure of 250 atm (Henderson and Peselnick, 1957). 


5 Vibrational Relaxation in Gas Mixtures 


In a mixture of two gases, A and B, three types of intermolecular collision 
are possible. If A is a relaxing gas and B a nonrelaxing gas, such as 
helium, or hydrogen at room temperature, there are two collision 
processes by which vibrational-translational energy transfer may occur: 


(1) A*¥+A—>A+A (vib — trans) 
(2) A*+B—+A+B (vib —> trans). 


Since (1) and (2) will have different probabilities per collision, the result 
will be a composite relaxation time given by 


1% 1% te 
BB Bee Baa Bis a0) 





where x, and xz are the mole fractions of A and B present. Bag will be 
related to the transfer probability per A/B collision (Pag = 1/Zag) in 
the same manner as Ba, to Pay. A number of ultrasonic measurements 
have been made on mixtures of a relaxing gas, A, with small quantities 
of a nonrelaxing gas, B. The general behavior of such mixtures is 
illustrated by the data for carbon dioxide and ethylene, which are 
shown in Table II. It is immediately clear that the transfer probabilities 
for heteromolecular collisions involving a single dispersing gas differ 
very widely indeed. Some of the effects, such as the high transfer effi- 
ciency shown by very light molecules, H, > D, ~ He, in collision with 
both CO, and C,H,, or the low efficiency shown for C,H,/N, collisions, 
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TABLE II 


VALUES OF Zap FOR HETEROMOLECULAR COLLISIONS 


Relaxing gas 








Additive CO, (293°K) CoH, (288°K) 
Self 108,000° 1070° 
H, 500 70° 
He 1500 ~ 
Dz 1500° 550° 
N, — 1400° 
H,O 130° 24 
CsHy — 31° 
n-C,Hio — 26° 
n-CsHis = 19° 


*McCoubrey and McGrath (1957). 
> Arnold et al. (1958). 


can be semiquantitatively explained in terms of the S.S.H. theory as 
due to variations in mass and intermolecular potential. The more striking 
effects, such as the very high transfer probability in CO,/H,O and 
C,H,/hydrocarbon collisions, seem to require a different type of explana- 
tion, perhaps corresponding more with the associated intermolecular 
transition complex suggested for polyatomic molecules in (§ 4.2). The 
high efficiency of CO,/H,O collisions was attributed by Eucken and 
Franck (1933) to incipient chemical combination; a detailed quantum- 
mechanical treatment in terms of potential energy curves was proposed 
by Widom and Bauer (1953). Ubbelohde and his collaborators (cf. 
Arnold et al., 1958) have attributed the efficiency of long chain hydro- 
carbons in activating the ethylene molecule to a “wrestling collision,” 
in which the flexible hydrocarbon molecules undergo prolonged contact 
with the ethylene molecule. There is independent evidence from gas 
kinetic transport properties for a special type of collision process for 
flexible molecules (Lambert et al., 1955). An important practical con- 
sequence of the profound effect which small traces of an impurity may 
have on the relaxation time of a gas is that scrupulous attention must 
be paid to the chemical purity of gases used in relaxation experiments. 
Many reported discrepancies between different observers are undoubt- 
edly due to impure gases being used. 

There are few experimental data about the temperature dependence 
of transfer probabilities in heteromolecular collisions. Eucken and 
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Niimann (1937) found that Px, for CO,/H,O collisions increases with 
rising temperature in the lower temperature range, but begins to 
decrease consistently at higher temperatures. Kiichler (1938) reports a 
barely significant change in Pap for CO,/H, over a range of 300°, but 
an increase of Pag with rising temperature for CO,/He. Eucken and 
Aybar (1940) found the normal increase of Pag with rising temperature 
for CH,/H,, CH,/CO,, and COS/A mixtures. It thus appears that 
heteromolecular transfer probabilities show the same kind of anomalous 
temperature dependence as observed for homomolecular collisions 
between strongly polar gases (§ 4.2). This lends further support to the 
hypothesis that a specific intermolecular transition complex may play 
an important role in energy transfer. 

A fresh factor, which may be important in heteromolecular collisions, 
is the direct transfer of vibrational energy between A and B. On theoretical 
grounds it would appear unlikely that there is any hindrance to collision 
transfer of a quantum of vibrational energy from one molecule to another 
in a homomolecular collision. This process cannot be experimentally 
followed by acoustic methods, which only measure a transfer between 
vibration and translation, but chemical spectroscopic evidence, discussed 
in §2.3 confirms that equilibrium distribution of vibrational energy 
between molecules of a single species is very rapidly attained. The 
case for heteromolecular collisions is different. The possible transfer 
processes are now: 


(1) A*+A-—-+A +A _ —§ (vib — trans) 
(2) A*+B—>A +B (vib — trans) 
(3) A*+B—>B*+A (vib — vib) 

(4) B*+B—>B +B (vib — trans) 
(5) B*+A—>B +A _ (vib — trans). 


If A is a relaxing molecule, such as ethylene, and B a complex hydro- 
carbon, which will have a very small relaxation time (cf. § 4.2), a rapid 
process (3) may be followed by the even more rapid process (4), and a 
greatly enhanced vibrational-translational transfer probability will 
result, with a value of Bay characteristic of process (3). By analogy 
with the theory of complex transfer, discussed in § 4.2, easy vibration- 
vibration transfer [rapid process (3)] would be expected between mole- 
cules with near resonant fundamental vibration frequencies. Complex 
hydrocarbon molecules possess a wide range of vibrational frequencies, 
lying fairly close to one another, and are particularly suitable for ful- 
filling this criterion. 
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For a similar mixture where B also shows some degree of relaxation 
(though Bgg < Baa) and process (4) is less rapid than process (3), the 
former will be the rate determining step for transfer in heteromolecular 
collisions. As the rate of (4) is proportional to x} (instead of to xg), 
the over-all relaxation time will no longer follow (10), which predicts 
a linear variation of 1/8 with xg. Boudart (1955; cf. Herzfeld and Litovitz, 
1959) has investigated by a shock tube method the variation of relaxa- 
tion time for O,(v = 1580 cm) with small additions of H,O (v, = 1595), 
where this state of affairs would be expected, and finds a nonlinear 
dependence of 1/8 on the mole fraction of H,O present. For mixtures 
of O, with D,O (vg = 1178 cm7), which has no near-resonant vibration 
frequency so that easy vibration-vibration transfer would not be expected, 
the normal linear dependence is found, suggesting that here only 
processes (1) and (2) come into play. 

A mixture of two gases, both of which show relaxation which is 
experimentally measurable, should exhibit a double relaxation pheno- 
menon (Herzfeld and Litovitz, 1959), corresponding to two distinct 
relaxation times, 8, and Bg, such that 


1 x, xB 

Ba Baa Bas 
and 

1 xB XA 

Bs Bee | Boa 


where Bag corresponds to the process 
A*+B+>A+B (vib — trans) 
and Bg, to the process 
A+B*—A+B _ — (vib — trans). 


Experimental measurements by Amme and Legvold (1957) on binary 
mixtures of freons show no conclusive evidence for or against this 
(Calvert and Amme, 1960). It is difficult to obtain experimental resolu- 
tion of relaxation times differing by a factor of less than x 10, and 
further measurements on a variety of binary systems are needed to 
investigate this point. 
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1 Categorization of Reaction Rates 


1.1 DEPENDENCE OF RATES ON CONCENTRATIONS 


It is customary to categorize reactions according to the dependence 
of the rate of reaction on the concentrations of reagents for the generalized 
reaction, 

aA + b6B—->mM + aN +...; (1) 
the rate can be defined as the rate of decrease in concentration of one or 
another reagent (A, B, etc.), or the rate of production of one or another 
product (M, N, etc.). If the number of molecules of A participating 
in the reaction is different from the number of molecules of B, i.e., 
a #}, then the rate defined in terms of these two species will be 
different. Similarly, if b 4 m or m #7, it is important to state the 
manner in which rate was defined. If we define rate in terms of reagent A, 
having concentration c, at time ¢, 


dc 
= se =khch c..., (2) 
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a is referred to as the order of reaction with respect to reagent A, 3 is 
the order with respect to B. The over-all order of the reaction is 
a+b... 

If a reaction takes place principally at a surface, the rate may be found 
to be independent of the concentration of reagents; this is referred to 
as a zero order reaction. 

When an energized molecule, A, decomposes or rearranges, we have 
a reaction which is first order and unimolecular, 


dey 
_— a =k Ca. (3) 
Integration of (3) leads to 
— log ca = kt + const. (4) 


Calling the initial concentration of A, ao, at t = 0, the constant becomes 
— log ao, and (4) can be written 


Ca = ae *t, (5) 


It is seen that the concentration of reagent decays exponentially with 
time, as might be expected from the fact that at any instant the rate 
of reaction is proportional to the concentration of reagent remaining. 

If we write the concentration of product at time t as x, the instan- 
taneous concentrations of reagent and product at any time will be as 
follows: 





A —-M (6) 
I—-x x, 
Putting a) — x in place of c, in (5), we get 
1 a 
kh, = — log (7) 


t A — x 


The constant k, is the rate constant; it is the reaction rate at unit concen- 
tration of each reagent [cf. (2)]. It is a function of temperature (see 
below) but not of concentration. 

When the rate of reaction is proportional to the product of two 
concentrations, reaction is second order and bimolecular, 


A + B —M 
(8) 


4—x bo—x x. 
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In the simplest case where initial concentrations are the same, the rate 
law is simply 





dcx d(aj—x) dx 
ag ge ge (9) 
integration leads to 
x (10) 


For the more complex case of a bimolecular reaction in which initial 
reagent concentrations are not the same, 


OF = balay — 2) (by — 2) (11) 


and integration gives 


1 bo(ay9 — x) 
pete lee 12 
: t(ay — bp) (bo — x) A) 
For a termolecular reaction, in the most common type of example 
where two of the participating species are identical and consequently 
present in the same concentration, 


A + 2B —M 








13 
a4—x b—2x x, We 
the rate law is 
OE ha(dy — 2) (by — 22) (14) 
which integrates to 
1 [ (2ay — bo) 2x ao(b) — 2x) 
*s = a, — 0, i, oie) en tee = |: U3] 


The units customarily used for the rate constants of reactions of the 
various orders referred to previously are listed in Table I. 

The order of a reaction may be determined experimentally in a 
number of ways, of which two will be mentioned here. The most 
obvious method in the light of the foregoing discussion is to measure 
the concentration of product x at various times ?¢, starting with known 
concentrations of reagents, do, bo, .... These quantities can then be 
inserted into the various integrated rate equations, of which (7), (10), 
(12), and (15) are typical, to see which yields a rate constant, k, constant 
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to within experimental error. This method has the disadvantage that 
a large number of trials may be required before a successful integrated 
rate equation is found—this is especially true if the system is complex 
(involving successive or competing reactions) and consequently has an 
over-all order which is fractional. In this case it may be preferable to 
use the method of half-lives. 

The half-life of a reaction, 7, is the time required for the concentration 
of reagent to fall to one-half of the initial concentration. For a first 
order reaction (as for a radioactive decay—which is typical of a first 
order process) 7 is independent of the concentration of starting material. 
On writing x = a,/2 into (7), 


1 a . 
is ae Gy — (4/2) ’ oe 
therefore 
1 
T= hy log 2 (17) 


For a second order reaction 7 is inversely proportional to the first 
power of the starting concentration, a). From (10) 





= a,/2 : 
= Gordy — aol] us) 
therefore 
1 
T= aE (19) 


For reaction of mth order, assuming that all reagents are initially at 
concentration dp, 


get —1 


CDG cf 
that is to say, 
rok. (21) 


0 


To solve (20) for the order of reaction, m, it is only necessary to deter- 
mine half-lives for two (known) initial concentrations of reagents. 

The importance of the order of reaction is that it provides a guide 
to the molecularity of the reaction, that is to say, the number of molecules 
that must collide in order for the reagents to pass over into products. 
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This obviously is a quantity of fundamental importance in any theore- 
tical discussion of the molecular event that constitutes a chemical 
reaction. 

However, it is not safe simply to equate order of reaction with mole- 
cularity. For example, if a reaction occurs in the presence of a large 
excess of one reagent (this reagent might be the solvent) the concentra- 
tion of this reagent will not alter appreciably in the course of the 
reaction. Its effect on the rate can, therefore, easily be overlooked. 
The order ascribed to the reaction will then be n, despite the fact that 
the molecularity is 2 + 1. This does not raise any insuperable problems 
(in the case cited, the order of reaction can be determined, by way of 
a check, in another solvent), but the example illustrates the need for 
caution in equating order and molecularity. 

A problem of a more fundamental nature is raised by those gas 
reactions which are found to be first order at high pressures and second 
order at low pressures. These reactions are unimolecular at high pressures. 
They are described as quasi-unimolecular reactions at low pressures, 
even though at these pressures a bimolecular energy-transfer process 
(which is not a chemical reaction) has become the rate-determining 
factor. This is discussed further in § 3.1.1. 


1.2 DEPENDENCE OF RATES ON TEMPERATURE 


It has been known for some time that increase in temperature generally 
increases the rate of chemical reaction (a very rough rule of thumb is 
that the rate doubles for every 10°C rise in temperature). 

Arrhenius, in 1889, put forward the view that for a reaction to take 
place reagent molecules must become “activated,” and that there exists 
an equilibrium between normal and activated molecules. This view is 
still regarded as being essentially correct. What is in doubt is the 
nature of the activated complex, and the extent to which it can properly 
be regarded as being in equilibrium with the reagents. 

Van’t Hoff proposed an expression for the temperature variation of 
an equilibrium constant 


d log K, E 
aT ne RT? (22) 


where Kg is the equilibrium constant expressed in terms of concentra- 
tions and E is the difference in internal energy between the states in 


equilibrium (if K is at constant pressure, E is replaced by H; heat 
content). 
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Later Arrhenius proposed the use of the analogous relation 


dlogk _ Ea 
dT —— ‘RT? 





(23) 


where k is the rate constant in concentration units and Ez, is the difference 
in internal energy between the activated molecules and the normal 
reagent molecules. If the model is correct and E, is a true constant, 
(23) can be integrated to give 


log k = const — as 7 (24) 





On writing const = log A, 
k = A-exp(— £,/RT). (25) 


E, is referred to as the activation energy. Since it is expressed in the 
same units as RT, E,/RT is dimensionless. A has the same units as 
the rate constant, k. For a first order reaction A therefore has the units 
sec~! (Table I) and the common description frequency factor is appro- 
priate. However, for reactions of higher order this description is con- 
fusing, and A has been termed the temperature-independent factor. This 
too is unfortunate since the quantity, on other theories than that of 
Arrhenius, is temperature dependent. A is today most often referred 
to as the pre-exponential factor or simply the A-factor. We shall make 
use of the last description. 

After 70 years the Arrhenius equation retains its value as an empirical 
representation of the dependence of rate constants on temperature. To 
within experimental error, a plot of log k vs. 1/T is found to be linear. 
E, can be obtained from the slope of this line, and A by an extrapolation 
to 1/T = 0. 

Nonetheless, there is good reason to suppose that with improved 
experimental techniques it will be found that both EZ, and A, as defined 
by Arrhenius, are temperature dependent. The temperature dependence 
of A will be discussed in § 3.1. The temperature dependence of Ey 
follows from the established temperature dependence of EF [the energy 
of reaction, (22)] in the van’t Hoff isochore. The true expression for 
the dependence of equilibrium constant on temperature is more complex 
than was supposed in Arrhenius’ time. Since the equilibrium constant 
is simply the ratio of two rate constants, it follows that the temperature 
dependence of the rate constants must be more complex than that given 
by the Arrhenius equation, which provides only for a temperature 
dependence of the van’t Hoff type. 
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Moreover, if the Arrhenius model for reaction, in which normal and 
activated molecules are in equilibrium, is examined in detail from the 
point of view of statistical mechanics, the requirement that FE, shall be 
temperature dependent emerges. When E, is expressed in terms of 
molecular energies, it is found that 


E, = N,(et — @) (26) 


where N, is Avogadro’s number, ¢t is the average energy of the activated 
molecules (those with a total energy above some threshold energy, 
€a), and € the average energy of all molecules including the activated 
molecules (Tolman, 1927). «+ and é are both functions of temperature, 
and it would be purely fortuitous if they showed the same temperature 
dependence. It follows that Eg, obtained from experiment by the applica- 
tion of Arrhenius’ equation, will be temperature dependent. 


1.3 DEPENDENCE OF RATES ON KINEMATIC FACTORS 


Until recently almost all investigations in the field of reaction kinetics 
were concerned with the variation of reaction rate with changing con- 
centrations of reagents (§ 1.1) and changing temperature (§ 1.2). Since 
both of these variables are statistical in nature, this had the result that 
theories of reaction rate could be tested only insofar as their predictions 
were statistical. It would be a great deal more satisfactory if the under- 
lying molecular assumptions of the various theories, concerning the 
mechanics of molecular encounter and rearrangement, could be put to 
an experimental test. 

At the present time two main avenues are being explored in the hope 
of obtaining direct experimental evidence concerning the detailed 
kinematics of chemical reaction. The first of these, the measurement of 
the rate of reaction (or “reaction cross section,” to avoid a term involving 
concentration) in crossed molecular beams, involves a control of the 
energies of the colliding species. The second method is the measurement 
by spectroscopic means of the energies of freshly formed product 
molecules. By this means it should eventually be possible to obtain 
what might be called the fine structure of the reaction rate: rate constants 
for reaction into specific vibrational and rotational states of the product 
molecules. The second method can be made to yield information of 
the same type as the first, since, by the principle of microscopic rever- 
sibility, those energies that are most favored among the products of 
reaction would lead to correspondingly high rates of reaction, for 
reaction in the revérse direction. 
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Work along these lines has only begun in recent years and the results 
so far obtained are, on the whole, inconclusive. The methods are 
discussed in § 2.2. We shall not enter in detail into the question of the 
interpretation of the results obtained to date. It will be sufficient to 
point out that if it is found (as seems probable) that the reaction cross 
section for reacting species with molecular energy greater than the 
critical amount eg does not remain constant, then the activation energy, 
E,, obtained by application of the Arrhenius equation to experimental 
data, will be a function of temperature; that is to say, the Arrhenius 
equation will fail. 

This can be understood very simply in qualitative terms. Suppose 
that particles in the energy range eg to €, + deg havea different reaction 
cross section from those in the higher energy range ep to ep + dep. As the 
temperature of an assembly of reagent molecules increases (supposing 
that a Boltzmann distribution is maintained despite depletion of the 
high-energy tail of the curve through consumption of reagents) the 
number of molecules with energy greater than ea, expressed as a fraction 
of the total number, will increase rapidly owing to the changing shape 
of the Boltzmann curve. This is the origin of the rapid change in reaction 
rate with temperature. However, the same changing shape of the 
Boltzmann curve has the result that of the reagent molecules with 
energy greater than eg the fraction having an energy in the range ep 
to ey» + dep is increasing rapidly relative to the fraction having an 
energy in the range eg to €, + Seg. According to our hypothesis, the 
dependence of the rate on the temperature will be different in the 
temperature range where eg to ¢€, + Seq molecules account for the 
bulk of reaction than in the range where ep to ep + Sep molecules do so. 
The coefficient Z, which describes the dependence of the rate constant 
on the temperature must therefore be a function of temperature. 

A mathematical statement of this general type of effect is to be 
found in the work of Fowler (1936) and of Kassel (1930). 


2 Measurement of Reaction Rates in Gases 


2.1 MEASUREMENT OF THE DEPENDENCE OF RATES ON 
CONCENTRATION AND 'TEMPERATURE 


2.1.1 Unimolecular Reactions 


Between the wars a large number of investigations were made of the 
gas-phase thermal decompositions of organic compounds. These 
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reactions were thought to be unimolecular. The availability of experi- 
mental results stimulated a great deal of interest in the theory of uni- 
molecular reactions (§ 3.1.1). Though the theories developed at that 
time are still thought to be substantially correct, the experimental data 
to which they were applied is now believed to be irrelevant since these 
decompositions were not unimolecular, but complex. 

Nonetheless, there exist today a number of apparently bona fide 
unimolecular gas reactions. The most significant feature of these 
reactions is that their first order rate constants frequently exhibit a 
decrease at low pressures. The rate constant can be restored to the 
high-pressure value by the addition of any gas (not necessarily the 
reagent) at sufficient pressure. It is thought that all unimolecular reac- 
tions would exhibit the phenomenon of pressure-dependent rate constant 
if the pressure could be sufficiently reduced. Experimentally, the limit 
to further reduction of pressure is reached when the pressure of product 
material formed over a reasonable length of time becomes too small to 
measure with any accuracy. 

Investigations of these reactions have been designed in the first place 
to establish that they are gas-phase, and unimolecular at sufficiently 
high pressure. Secondly, it is of interest to determine the shape of the 
rate-constant-versus-pressure curve, and thirdly to investigate the effect 
of changing gas composition on the shape of this curve. 

It has been found that the simpler the decomposing molecule, that is 
to say, the smaller the effective number of oscillators, the higher is the 
pressure up to which quasi-unimolecular behavior (defined in § 1.1) 
can be observed. The simpler molecules are therefore greatly to be 
preferred in investigating this effect. In the case of the very simplest 
molecules (see the pyrolysis of O3, below) more than an atmosphere 
pressure of most foreign gases would be required to take the reaction 
out of the quasi-unimolecular pressure range. 

In view of the potential importance of quasi-unimolecular behavior 
in throwing light on the mechanism of chemical reaction, and as a 
tool in the study of energy transfer processes, a list is given of 10 gases 
whose unimolecular or quasi-unimolecular decomposition has been 
studied in recent years. The list is arranged in order of increasing 
complexity of the vibrations of the decomposing molecules (cf. § 3.1.1): 
O, (Benson and Axworthy, 1957); N,O (Johnston, 1951); H,O, (Giguére 
and Liu, 1957); N,O; (Mills and Johnston, 1951; Johnston and Perrine, 
1951); C,H, (decomposing to 2CH;; Dodd and Steacie, 1954; Hoare 
and Walsh, 1957); C,H;Cl (Howlett, 1952); C,H, cyclopropane (iso- 
merization; Pritchard et al., 1953); CyHg cyclobutane (isomerization; 
Kern and Walters, 1952); (CH,O), trioxymethylene (to CH,O; Burnett 
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and Bell, 1938); CH; NNCH, azomethane (to C,H, + N,; Ramsperger, 
1927; Rice and Sickman, 1936). 

The first two of these reactions, in their truly unimolecular pressure 
region, are of the types 


A, >A, +A (27) 
and 
A,B — A, + B. (28) 


The first reaction, ozone decomposition, has been investigated by 
static pyrolysis (thermal decomposition) and pyrolysis in a flow system. 
The considerable body of experimental data has been extended and 
reviewed by Benson and Axworthy (1957). 

Benson and Axworthy’s work will be described as an illustration of 
the large amount of valuable information that can be obtained from a 
careful study of a moderately complex chemical system. 

Benson and Axworthy found that all the experimental data, their own 
and that of earlier workers, could be accounted for in terms of the 
following mechanism [based on that suggested a number of years ago 
by Jahn (1906)]: 


0,+M20,+0+M (29) 


O + 0; > 20,. (30) 


This mechanism implies that in the accessible range of pressures the 
ozone decomposition is sensitive to the pressure of “M,” which was 
O;, O, or added N,, CO,, or He. The reaction is therefore to be regarded 
as quasi-unimolecular over the observed pressure range. 

In reactions where an intermediate (atomic oxygen in the present 
system) is present in only small concentration compared with reagent 
and product concentrations [(O,) and (O,)], it is usual to assume that 
the rate of change of concentration of the intermediate with time is 
zero. This is referred to as the stationary state hypothesis. 'This will not, 
of course, be true at the very start of the reaction when the intermediate’s 
concentration is building up to a stationary value (the induction period), 
nor would it be true in the final stage of reaction, if the reaction went 
to completion. The induction period can be significant if the reaction 
is being measured only over a short period immediately following the 
mixing of reagents. The longest induction periods are encountered in 
reactions where a long chain is present which regularly re-forms some 
intermediate (for detailed discussion see Semenov, 1939; Benson, 1952). 
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On making use of the stationary state hypothesis we can write 


a(O 

_ = 0 = A,(O3) (M) — ’e(Oz) (O) (M) — 4a(Os) (O) (31) 
where the terms in parentheses represent the instantaneous concentra- 
tions (moles/liter) of the species indicated; the first term on the right- 
hand side of (31) gives the rate of formation of atomic oxygen, the 
following two terms give the rate of removal. From (31) 


k,(Oz) (M) 


(Oss = 5.(0,) (M) + Ba(Op) 





(32) 


where (O)ss is the stationary-state concentration of atomic oxygen. The 
rate of reaction of ozone is 


— G9) = hy(O4) (M) + (Os) (0) — hx(0,)(0)(M). 33) 
On putting (32) into (33) 


_ 403) _ 2h Rs(O3)*(M) 











dt ~ “{0,) (M) + (3) my 
On making the substitution 
mb dy)= eel A]. os 
(34) becomes 
Rgk.(O,) (M) + kgka(O3) = 2kgk (M) (36) 
which on division by 2ksk,k3 (O3) gives 
(M) _ ke OO) 1 - 
Rg(Oz) 2k,kg = (Os) 2k; 


(M) must be treated as the weighted sum of the contributions of different 
gases to reactions 1 and 2 (29). Thus, if we express the efficiencies of 
all possible M’s relative to O3, we can write 


(M) = (0,) + a,(Mj) (38) 


where a; represents the relative efficiency of M,. 
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From (37) it can be seen that if (M)/Rg (O 3) is plotted against 
(O,)(M)/(O3), both ratios being experimentally determinable, a straight 
line should be obtained with slope k,/2 k,k, and intercept 4 k,. Benson 
and Axworthy measured these ratios in the presence of various foreign 
gases, in different reaction vessels, and over a range of temperatures 
(70°-120°C). Good linear plots were obtained in every case. The following 
expression for (M) gave the most consistent set of rate constants: 


(M) = (O,) + 0.44(0,) + 0.41(N,) + 1.06(CO,) + 0.34(He). (39) 


The efficiency of O, is here assumed to be unity. Figure 1 shows Benson 
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Fic. 1. Arrhenius plots for the pyrolysis of ozone (Benson and Axworthy, 1957). 


and Axworthy’s values for k,k;/k, and for k, on an Arrhenius plot 
(log 49 vs. 1/T). The slope of log yk, vs. 1/T is — E,/2.303 RT. The 
slope of log ,k,k3/k,. is — (EZ, — E, + E3)/2.303RT. The intercepts 
with 1/T = 0 are log jA, and log ,»4,A;/A,. From the figure the 
following two Arrhenius equations are obtained: 


k, = (4.61 + 0.25) x 10¥ exp (— 24,000/RT) liters/mole sec (40) 
kyk3/Ro = (2.28 + 0.16) x 10% exp (— 30,600/RT) sec. (41) 


Equation (41) agrees well with the results of Garvin’s (1954) pyrolysis 
of O, by a flow method. 
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The equilibrium constant for reactions 1 and 2, K,.(= k,/k,), and 
the temperature dependence of the equilibrium constant, can be cal- 
culated from thermodynamic and spectroscopic data, 


Ky. = ky/ky = 7.7 X 104 exp (— 24,600/RT) moles/liter. (42) 


The quantity — 24,600 kcal/mole, is Z, — E,. This is a difference in 
internal energy, 4E°. It should be noted that heat of reaction is usually 
tabulated as 4H°, a change in heat content (since heat of reaction is 
conventionally measured at constant pressure whereas kinetic studies 
are made in reacting systems of constant volume). If there is a change 
in the number of moles (4m), then 4H° must be corrected; 4H° — 
AnRT = AE’. For reaction | (29) 4H° = 25.2, AE° = 24.6 kcal/mole. 

Subtraction of 4JE° of (42) from the over-all Ey of (41) gives Ey. 

k, has been expressed in Arrhenius form in (40); k, and k, can now 
be similarly expressed: 


k, = (6.00 + 0.33) x 10? exp (+ 600/RT) liter?/mole? sec (43) 
kg = (2.96 + 0.21) x 10! exp (— 6000/RT) liter/mole sec. (44) 


These results exhibit a number of interesting features: 


(i) Reaction 1 has a high A-factor compared with the “normal” 
figure of 10". In terms of transition state theory this implies that entropy 
of activation is larger in a quasi-unimolecular than in a true bimolecular 
process (see Table II; and also § 3.1.1). 


(ii) The activation energy of reaction | is less than the bond dissocia- 
tion energy of the bond being broken: 24 as against 24.6 kcal; that is to 
say, the rate of decomposition of O, does not increase as rapidly with 
temperature as would be expected. Benson and Axworthy suggest that 
this is due to increasing depletion of the population of O, in the highest 
vibrational energy states, due to rapid decomposition from these states. 
If the equilibrium concentration in these states cannot be maintained, 
the rate of decomposition falls off (cf. § 2.2.3). 


(iii) The activation energy of reaction 2 is negative. This is a general 
phenomenon for termolecular reactions (§ 2.1.3). 


(iv) The oxygen molecules formed in reaction 3 have 93 kcal heat of 
reaction + 6kcal activation energy, distributed among them. None- 
theless, it seems that they cannot bring about collisional decomposition 
of O;, despite the fact that the O, — O bond energy in ozone is only 
24.6 kcal (see also Schumacher, 1960; Benson, 1960b); that is to say, 
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a reaction O,(hot) + O,;—> 20, + O, does not have to be included in 
the reaction scheme. 

This would suggest that even though a molecule has high kinetic 
or vibrational energy, it cannot in general dissociate a collision-partner 
in a few collisions. This fits in with the current view (§ 3.2) that disso- 
ciation occurs as a result of multiple collisions, which cause a vibrator 
to climb its “vibrational ladder,” one or two levels (or several levels, 
see Montroll and Shuler, 1958) at a time, in a random walk which can 
lead to dissociation. The discussion under (ii) above is also in accord 
with this multicollision theory of dissociation, for if a vibrator could 
pass readily from its ground vibrational state to a high state close to 
dissociation, it would not be possible to postulate a depletion of popula- 
tion in these highest vibrational states relative to lower ones. 


(v) The relative efficiencies (39) of various gases in promoting dissocia- 
tion are also their relative efficiencies as “third bodies,” M, in the 
association reaction (reaction 2, the reverse of 1). These efficiencies 
conform to the rough generalization (see, for example, Trotman- 
Dickenson, 1955) that the efficiency of energy transfer of this type 
increases with increasing complexity of M, soon reaching a maximum 
efficiency beyond which no further increase occurs for further increase 
in complexity of M. 

It has been remarked previously that the simpler the decomposing 
molecule the higher is the pressure at which true unimolecular kinetics 
is observed. O, is an extremely simple molecule. Benson and Axworthy 
found that they could not pursue their experiments to high enough 
pressures in order to observe true unimolecular kinetics. Johnston 
(1951) in his investigation of the pyrolysis of N,O, the next most 
complex molecule on the list of ascending complexity, was able to 
study the reaction in the quasi-unimolecular and in the unimolecular 
pressure region. 


2.1.2 Bimolecular Reactions 


The most widely studied bimolecular reactions are exchange reactions 
(or “metathetical reactions’), of which the simplest type involves 
reaction between an atom and a diatomic molecule, 


A+ BC—>AB+C. 


Of this class of exchange reactions the most important from a theore- 
tical standpoint are those in which A, B, and C are H or its isotopes. 
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There are eight possible reactions of this type (leaving out of account 
tritium): 


H+H,>H,+H (45) 
D+ DD, D4 D (46) 
D+H,>DH+H (47) 
H+D,—-HD+D (48) 
H+HD+H,+D (49) 
D+DH+D,+H (50) 
H+DH—HD+H (51) 
D+HD+SDH+D. (52) 


The energy interactions between three H atoms have been calculated 
by approximate quantum-mechanical treatments, and activation energies 
for these 8 reactions have been obtained. A-factors have also been 
calculated for all these 8 reactions, by means of the “theory of absolute 
reaction rates.”” These calculations will be discussed in § 3.1.2. They 
are mentioned here in order to emphasize the importance of these 
8 reactions. This is the only set of reactions to which the theory of 
absolute reaction rates can be applied with some degree of rigor. 

The idea has gained currency that the rate constants of these 8 reac- 
tions are experimentally known. However, at the time of writing, rate 
constants have been measured only for reactions 1 and 2. With the 
exception of k,/k; and k,/k,g, which define calculable equilibrium constants, 
not even relative rate constants are known for the other 6 reactions. 
(Attempts have been made to measure these constants. However, to 
extract them from the experimental data, it was found necessary to 
combine the experimental quantities with theoretical speculation. It is 
these results which have been mistaken for experimental values.) 

Reactions | and 2 can be followed by measuring the rate of thermal 
reconversion of para-hydrogen (p — H,) into normal hydrogen con- 
taining 75% ortho-hydrogen (o — H,)and 25% p — Hy. This proceeds 
according to the mechanism (Farkas, 1930, 1931; Farkas and Farkas, 
1935) ‘ 

H+»—H,=0—H,+H. (53) 
t tL Ry tT t 
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The arrows denote orientation of nuclear spin. To obtain almost pure 
p — H, for this reaction, it was only necessary to cool hydrogen to 
20°K (the boiling point of liquid hydrogen) in the presence of a catalyst 
such as charcoal; and equilibrium mixture was obtained containing 
99.8% p — H,. This was then heated, in the absence of catalyst, to a 
temperature in the region of 1000°K, where thermal reconversion 
would occur at a conveniently measurable rate. The o/p composition 
of hydrogen was measured (to better than 1%) by thermal conductivity. 
The concentration of atomic hydrogen was obtained from a knowledge 
of the equilibrium constant of the process 


H, = 2H. (54) 


The equilibrium constant for the reaction at high temperature was 
calculated by statistical mechanics, from the spectroscopically determined 
spacing of vibrational energy levels in H,. The equilibrium constant is 
slightly different for p — H, and o — H,, so the concentration of H 
changes slightly as the reaction proceeds. 

Measurement of the rate of approach to equilibrium leads to a value 
for k, + kj. At equilibrium the forward rate [k,(H) (p — H,)] equals 
the backward rate [k,(H) (o — H,)]. The equilibrium constant is 


_ ()@—H) _ A 


A= (Goh) 


(55) 
Since K is known, k,/k; can be combined with k, + ; to yield a value 
for k,. 

Van Meersche (1951) extended the measurements of Farkas on para- 
ortho hydrogen conversion, and confirmed the results of the earlier 
work. 

However, the thermal reconversion technique cannot conveniently be 
used to obtain k, over a wide temperature range. To extend the tempera- 
ture range two other techniques have been developed. 

Geib and Harteck (1931) measured the rate of para-ortho hydrogen 
conversion in the neighborhood of room temperature (283°-373°K). 
Hydrogen coming from a discharge (Wood, 1922) contains a high con- 
centration of atomic hydrogen. This concentration can be measured by 
means of a Wrede-Harteck gage (see Farkas and Melville, 1939). A 
small amount of p — H, was injected into the flowing H atoms, and 
the concentration of  — H, and H was remeasured after a known 
time interval (that is to say, a known distance downstream). The rate 
constant, k,, could then be calculated. The chief uncertainty in this 
technique was in the measurement of the time interval just referred to: 
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it was not known how long the reagents spent in the reaction zone in a 
fully mixed condition. However, the rate constants were probably 
good to within a factor of 2 or 3. 

These results received support from a second determination of k, at 
room temperature. Melville and Robb (1949) produced atomic hydrogen 
by mercury sensitized photolysis of hydrogen: light of 2537 A wave- 
length was shone into a mixture of H, + Hg vapor, 


Hg (61S,) + hy > Hg* (6°P,) (56) 
Hg* + H, > Hg + 2H. (57) 


The rate of production of H atoms could be calculated from the amount 
of 2537 A light absorbed. The reaction cell had a depth of only a few 
millimeters, bounded on one side by a 3-cm-diameter quartz window 
admitting the ultraviolet, and on the other by a layer of molybdenum 
oxide powder which it was believed removed all H atoms at their 
first collision. Assuming that all H atoms were formed just inside the 
quartz and diffused one-dimensionally to the oxide surface where they 
were destroyed, it was possible to calculate a mean lifetime for H, which 
combined with the rate of formation lead to a value for the stationary- 
state concentration. This value for the concentration of H should be 
unaltered in the presence of H, since reaction 1 (45) does not remove 
hydrogen atoms. The reaction vessel was filled with p — H, and the 
rate of conversion to 0 — H, in the presence of a known H atom con- 
centration was measured. This yielded a value for h,. 

The results of Farkas and Van Meersche at the high temperature, 
and those of Geib and Harteck and also Melville and Robb at a low 
temperature taken together permit a log k, vs. 1/T plot to be made 
over a considerable temperature range. A correction should be applied 
to the results of Farkas and those of Van Meersche, as suggested by 
Boato et al. (1956; Cimino et al., 1956). These workers point out that 
Farkas and Van Meersche’s rate constants would have been uniformly 
lower by a factor of x 0.5 if they had taken pains to eliminate the 
diffusion of oxygen (which acts as a catalyst) through the quartz walls 
of the reaction vessel. The slope of the graph then yields EF, = 7.5 + 1 
kcal/mole; the A-factor is 101%? liter mole! sec—!, which is “normal” 
(Table IT). 

Farkas and Farkas (1935), using the method of Farkas (1930, 1931), 
measured the rate of thermal reconversion of o — D, to p — D,. Since 
the temperature range of observation was small (903°-981°K), and no 
experiments have been performed at lower temperature by other methods, 
the A-factor and activation energy are unreliable. However, it is probably 


21. CHEMICAL PROCESSES 825 


significant that the value obtained for k, at 1000°K was 0.53 x that 
obtained previously by the same method for k,. Van Meersche (1951) 
recalculated k, from Farkas and Farkas’ data using better figures for 
the dissociation equilibrium of H,, and found &,/k, to be 0.35 at 1000°K. 

As remarked previously, experimental values for ks, ky, ks, Rg, Rz, and 
kg are widely quoted in the literature. These are attributed to Farkas 
and Farkas (1935), Van Meersche (1951), and Boato et al. (1956), all 
of whom have measured the rate of reaction of H, + D, to form HD, 
over a total temperature range 720°-1010°K. Unfortunately, the only 
quantity that can be derived from this type of experiment is kk,/(Rs + 4) 
and its temperature dependence (Farkas and Farkas, 1935; p. 143; 
Cimino et al., 1960). If this expression could be made to yield k, and k, 
(which it cannot, at present), then k; and k, could be calculated since 
they relate to the reverse of reactions 3 and 4, and the required equilibrium 
constants are calculable. k, and k, could, however, never be obtained 
from these experimental data, since reactions 7 and 8 do not occur in 
this system to a significant extent. 

To sum up: A, and £, are known; k, and ky are known at 1000°K; 
kg, Rg, ... Rg are unknown, but it is known that k,/k; = 2.6 and 
Ry/kg = 1.5 at 1000°K. 

A-factors and activation energies have been measured for a large 
number of atomic exchange reactions (for tabulations see Steacie, 
1954; Trotman-Dickenson, 1955; Semenov, 1958; Benson, 1960a). The 
greater part of the data comes from detailed studies of complex systems 
(an example, the pyrolysis of ozone, has been discussed previously). 
However, a number of techniques exist for more direct measurement 
of rates of atomic reactions. Two of these have just been outlined (Geib 
and Harteck, 1931; Melville and Robb, 1949). A few more will be 
indicated in the following paragraphs. 

A number of years before the systematic investigation of atomic 
reactions began, the velocity of one such reaction was determined 
(independently by Herzfeld, 1919; Christiansen, 1919; Polanyi, 1920) 
from an analysis of the chain of events involved in the reaction between 
molecular hydrogen and molecular bromine (Bodenstein and Lind, 


1905). The reaction was 
Br + H, > BrH + H. (58) 


The A-factor was found to be simply equal to the number of gas kinetic 
collisions Br + H,. The activation energy was simply the heat of reac- 
tion. It followed that the activation energy for the reverse reaction was 
zero. This led to the view that atomic reactions proceeding in the exo- 
thermic direction had no “chemical inertia”: reaction occurred at 
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every collision. This simple view had to be modified in the light of 
evidence concerning the reactions of alkali metal atoms. 

Three related techniques yielded a large body of data concerning the 
reactions of atoms of the alkali metals, with the result that far more 
rate constants of this type of gas reaction are known than of any other. 
The first of these techniques, the method of dilute flames (Beutler and 
Polanyi, 1925), and the second, the diffusion flame method (reviewed 
by Polanyi, 1932; Bawn, 1942; Warhurst, 1951), both measure rate of 
reaction by comparison with rate of diffusion. The alkali metal which 
was most extensively studied was sodium. 

In the dilute flame method, sodium at 10-? mm pressure (saturation 
pressure for about 300°C) was introduced from one end of a 1-meter-long, 
3-cm-diameter tube, and halogen at the same pressure was introduced 
from the other end of the tube. Since the mean free path at these pressures 
is greater than the diameter of the tube the two gases interpenetrated 
by diffusion. The Na penetrating into X, (the halogen) was consumed 
and its partial pressure fell to zero (curve py, of Fig. 2). The same 
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Fic. 2. The “dilute flame’? method for measuring rates of atomic reactions having 
collision efficiencies in the range 1-10-1. 


thing happened for X, penetrating Na (curve px, of Fig. 2). The relative 
rates of reaction were given by the curve (NaX), aPy,Px,. 
Experimentally, the curve (NaX) comes from the rate of deposition 
of product NaX at various points along the tube, as evidenced by 
changing opacity of the tube. The slower the reaction the greater the 
interpenetration of reagents, i.e., the greater the half-width, 5, of the 
(NaX) curve. It can be shown that the rate constant is given by, 


= a ae ene (59) 
B 2gUKnaKx, 

where q is the cross section of the tube, U is the total amount of reaction, 

and Ky, and Kx are the low-pressure viscosities, or “diffusion resis- 

tances” of Na and X, in the tube employed (these were determined 

in separate experiments). 
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It was found that the reaction Na + X, occurred at more than every 
gas kinetic collision; that is to say, it appeared that the collision dia- 
meter for chemical reaction was over twice as great as that derived from 
the kinetic theory of gases (for a discussion see Polanyi, 1959). 

In addition to the curve (NaX), Fig. 2 includes a curve labeled 
“D-line emission.” The distribution of this emission along the tube 
showed it to be due to a secondary reaction. This will be discussed in 
paws 

The method of dilute flames is inconvenient for reactions having a 
collision efficiency (ratio of gas kinetic collisions leading to reaction, 
to total number of collisions) < 10-1, since b becomes too large. To 
overcome this difficulty a technique was developed by von Hartel and 
Polanyi (1930, Fig. 3) in which a small amount of alkali metal diffused 
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Fic. 3. The “diffusion flame” method for measuring rates of atomic reactions having 
collision efficiencies in the range 10-1-10-5. 


from a nozzle (of radius 7 = 1-2 mm) into a large excess of reagent, RX. 
The distance that the sodium diffused into the reagent could be measured 
if the sodium was illuminated by a sodium resonance lamp. The lower 
the collision efficiency of the reaction, the greater was the radius of 
the “flame” (R). Suppose that at a distance R from the center of the 
nozzle the partial pressure of sodium had fallen from its initial value Py 
(usually about 2 x 10-3mm; the sodium vapor pressure at 250°C) 
to the limit of detectability P, (determined in a separate experiment as 
~ 5.10-* mm). The halide being present in excess could be regarded 
as having a constant pressure, Ppx. The rate constant was then given by 


_ (log Py/Po — log R/r)? 8 


. (R — 1° Pax 


(60) 


where 5 was the diffusion constant of sodium in the inert carrier gas 
(the principal content of the reaction zone). 


828 J. C. POLANYI 


The technique was found to be applicable to the determination of 
rate constants for reactions having collision efficiencies in the range 
10-1-10-*. Owing to the difficulty in determining rate constants over 
a range of temperatures by this method, activation energies were cal- 
culated on the assumption that the A-factor had the “normal” value of 
1011? liter mole? sec} (cf. Table II). This assumption was based on 
measurements of the temperature coefficient of k for the reactions 
Na + CH,Cl and Na + CH,Br (von Hartel and Polanyi, 1930) and 
Na + bromobenzene (Warhurst, 1939). 

More recently, Cvetanovié and LeRoy (1952) in a detailed study of 
the system Na + C,H,;Cl have shown that the A-factor is “normal.” 
Nonetheless, there are good theoretical reasons for supposing that the 
A-factor will be 2 or 3 times lower when the halide under attack is a 
complex organic molecule than when it is a relatively simple one (such 
as CH,Cl). In such cases small apparent differences in activation energy 
calculated by the isothermal comparison method outlined above may 
not be meaningful. 

A third variant on the diffusion method avoids the considerable 
hydrodynamic difficulties of the diffusion flame method [for a discussion 
of these difficulties see Heller (1937) and Reed and Rabinovitch (1955)]. 
This third method is the “life period method” (Frommer and Polanyi, 
1934). The method makes use of the fact that, for a steady state, atoms 
must enter and leave the reaction vessel at the same rate, 


where v is the number of atoms entering the reaction vessel per second, 
and N is the number of atoms present in the vessel under steady state 
conditions. The equation can be rewritten 


k= (7PRx)} 


where + = N/n, the mean lifetime of an Na atom in the reaction vessel. 
N is measured by absorption spectroscopy, 2 by observation of flows 
and pressures. 

Results obtained by this method agree reasonably well with those 
obtained by the diffusion flame method (Haresnape et al., 1940). 

In recent years two new variants on the diffusion method have 
been developed: the temperature pattern method for reactions in which 
a resonance “flame” cannot be obtained (Garvin and Kistiakowsky, 
1952; Smith and Kistiakowsky, 1959), and the product-emitter method 
for chemiluminescent reactions (Garvin et al., 1960b). 
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An important “direct”? technique for the investigation of reactions 
involving atomic hydrogen involves the production of hydrogen atoms 
at a tungsten filament in a flow system (Tollefson and LeRoy, 1948; 
Berlie and LeRoy, 1952). The H atoms at a partial pressure of ~ 10-2 mm 
(total H, pressure 1-10 mm) are mixed with reagent. The gas then 
flows down a thermostated tube past a movable platinum-wire detector 
operated as an “isothermal calorimeter,” and the loss of hydrogen 
atoms due to reaction is determined. As a check, a rate constant can 
also be calculated from the amount of product formed. LeRoy and his 
co-workers have investigated a number of reactions between hydrogen 
atoms and simple hydrocarbons in this way. Activation energies and 
A-factors can be determined experimentally by temperature variation. 

Elias and Schiff (1960) have developed an analogous technique for 
the measurement of absolute rates of reactions between O atoms and 
hydrocarbons. The O atoms are formed in a microwave discharge 
instead of at a hot filament, and their concentration along the length 
of the thermostated tube is measured by photometric monitoring of 
their chemiluminescent reaction with a small amount of NO added as 
an indicator. 

A considerable body of data is now available concerning relative 
rates of reaction of fluorine, chlorine, and bromine atoms with alkanes. 
The method is referred to as “competitive halogenation” (Pritchard 
et al., 1955; Mercer and Pritchard, 1959; Fettis et al., 1960). Halogen 
atoms are produced by photolysis of halogen in the presence of two 
reagents (for example methane and ethane); the rate of consumption 
of each reagent is measured. 

Various simple generalizations arise from these “direct” studies, and 
also the “indirect” studies, of the exchange reactions between atoms 
and molecules [see p. 292 of Benson(1960a) for a recent partial tabulation]. 
In the first place, the A-factors appear to be ~0.1 x the value of 
10" liter mole-! sec“! predicted by collision theory (§ 3.1.2). In the 
second place, the activation energies for the exothermic exchange 
reactions are very much less than the energy of the bond to be broken. 
This discrepancy is surely connected with the fact that a new chemical 
bond is being formed at the same time as the old one is being broken; 
a theory of chemical reactions must take this into account. Thirdly, it 
appears that a parallelism exists between the heats of certain similar 
reactions, and their activation energies (Evans and Polanyi, 1938; see, 
however, Trotman-Dickenson, 1955, 1959; and § 3.1.2). 

As will be seen in the following section, the basic theoretical problems 
involved in a fundamental understanding of the simpler atomic exchange 
reactions, are at the present time insoluble. Nonetheless, the experi- 
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mental study of more complex systems has proceeded apace, with 
benefit to the semiempirical theories of reaction rate. 

For example, a sizeable body of evidence is available concerning 
A-factors and activation energies for the metathetical reactions of 
polyatomic free radicals (a free radical is a molecule containing one or 
more unpaired electrons—all the atomic species referred to above, 
were free radicals). The largest body of data relates to reactions of the 
type 
La R, + R,H > RH +R, (62) 
where R, is the methyl radical (CH), ethyl radical (C,H;) or trifluoro- 
methyl radical (CF). R, is any radical. Methyl radicals can most con- 
veniently be formed by the photolysis of acetone, mercury dimethyl, 
or azomethane. Probably the most important series of reactions to be 
studied by this technique is the series of eight isotopic reactions, 
CH; + H,, CD; + D,, CD; + H,, CH; + D,, CH; + HD, CD, + DH, 
CH, + DH, CD;+ HD (Majury and Steacie, 1953; Whittle and 
Steacie, 1953). These correspond to the 8 possible isotopic reactions 
between atomic and molecular hydrogen [(45)-(52)]. This is the simplest 
extensive series of isotopic reactions for which individual rate constants 
have been measured. The results are therefore of importance in connec- 
tion with theories of the effect of isotopic substitution on reaction rate 
(§ 3.1.2). 

The foregoing leaves the false impression that all bimolecular reactions 
involve free radicals (monatomic or polyatomic). Though this is the 
field that has received the most intensive study in recent years, many 
reactions between stable molecules are also known. The simplest type, 


A, + B,— 2AB, (63) 
is exemplified by the reaction 
H, +1, > 2HI (64) 


which was extensively studied by Bodenstein in 1899. Kistiakowsky 
(1928) confirmed Bodenstein’s results, and greatly extended the con- 
centration range. He found the reaction to be homogeneous and bi- 
molecular over the whole range (for recent discussions see Benson and 


Srinivasan, 1955; Magee, 1957; Sullivan, 1959). 


2.1.3 Termolecular Reactions 


Studies of reactions in this category have been largely concerned with 
cases in which the third body acts to remove energy evolved in an associa- 


tion process, such as 
A+A+M—>A,+M (65) 
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or 
A+A,+M—>A,+M. (66) 


Examples of reaction (65) are the recombinations, in the presence of 
various third bodies, M, of hydrogen atoms (Steiner, 1935), oxygen 
atoms (Golden and Myerson, 1958; Morgan et al., 1960), bromine 
atoms (Rabinowitch and Wood, 1936a,b; Strong et al., 1957; Burns and 
Hornig, 1960), and iodine atoms (see below). An example of (66) is 
the combination of oxygen atoms with molecular oxygen to form ozone 
(§ 2.1.1). 

The combination of iodine atoms has been the subject of intensive 
study in recent years owing to the development of two new techniques. 
In the original investigations by Rabinowitch and Wood, direct photo- 
metric measurement was made of the Br, stationary-state concentration 
in a system where the halogen was being continuously photolyzed; 
Br, + hv = 2Br. In the first of the new techniques, flash photolysis 
(Norrish and Porter, 1949; Porter, 1950; Norrish and Thrush, 1956), 
an intense flash of light, typically 2000 joules discharged in 10~* sec, 
dissociated in the region of 50% of the halogen gas into atoms (10-® sec 
discharge times are now feasible). 

A second lamp, shining continuously through the reaction cell onto 
a phototube, gave a measure of the instantaneous concentration of the 
molecular species in the tube. The output from the phototube was 
displayed on an oscilloscope. Following a flash, a descending curve was 
observed on the oscilloscope. The curve could be analyzed to give a 
rate constant for the rate of combination of the halogen atoms to re-form 
the halogen (Christie et al., 1953; Marshall and Davidson, 1953; 
Russell and Simons, 1953; Christie et al., 1955; Strong et al., 1957; 
Engleman and Davidson, 1960). A later version of this apparatus will 
be referred to in § 2.2.2. It is illustrated in Fig. 7. 

The second of the new techniques for studying atom recombination 
involves thermal dissociation. Previously this had not been feasible 
owing to the difficulty in obtaining the very high temperatures required 
to bring about appreciable dissociation. However, if the halogen gas is 
heated by a shock wave, temperatures in the region 1000°-2000°K are 
readily obtained. Fig. 4 shows the main features of such an apparatus. 
When diaphragm, B, is ruptured, the high-pressure “driving” gas, A, 
causes a wave of compression to pass through the low-pressure M + I, 
mixture. The shock front passes the 1-mm light beam at D in about 
1 psec heating the gas M (argon for example) to 1000° to 2000°K in the 
time of a few collisions. The subsequent rate of dissociation of I,, 
M-+1I,—M+1-+, is indicated by the increasing signal from the 
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phototube, E. The rate constant for the termolecular association can 
then be calculated from the equilibrium constant. 

Burns and Hornig (1960), in their study of the analogous bromine 
reaction, have combined flash photolysis (to bring about dissociation) 





Fic. 4. Schematic diagram of a shock tube apparatus. A, hydrogen or helium 
“driving” gas; B, diaphragm; C, I,+ M; D, light source; E, phototube linked to 
oscilloscope. 


with the shock wave technique (to bring about heating of the dissociated 
gas). This permitted them to study recombination at elevated tempera- 
tures. 

These investigations have led to a few generalizations (in decreasing 
order of certainty): the association reactions have negative activation 
energies (cf. § 2.1.1) the efficiencies of the simpler third bodies M tend 
to increase with complexity of M; third bodies with “affinity” for the 
combining atoms are more efficient [the affinity may be of the Van der 
Waals type as for cyclohexane (see Russell and Simons, 1953), or 
chemical as for NO (see Engleman and Davidson, 1960)]; the negative 
activation energy is greater the more efficient the third body, M (Bunker 
and Davidson, 1958; Porter and Smith, 1959; Engleman and Davidson, 
1960). 


2.2 MEASUREMENT OF THE DEPENDENCE OF RATES ON 
KINEMATIC FACTORS 


The scope of this field of investigation has been outlined in § 1.3. 
The following paragraphs will give some indication of the work that 
is presently being undertaken. Few generalizations of a high degree of 
certainty have yet emerged. 


2.2.1 Unimolecular Reactions 


Trischka and co-workers (Luce and Trischka, 1953; Marple and 
Trischka, 1956) have studied radio-frequency spectra of alkali halides 
by the molecular-beam electric resonance method. Molecules reaching 
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a hot tungsten-wire detector are in a completely specified state with 
respect to vibrational energy, angular momentum (J = 1) and space 
orientation of angular momentum (M, = 0). Klemperer and Herschbach 
(1957) have analyzed the results of Marple and Trischka on LiF to 
show an apparent dependence of the rate of the gas phase dissociation 
of LiF on the vibrational state. Though fresh experimental work by 
Moran and Trischka (1961) has invalidated this conclusion for the 
particular case examined by Klemperer and Herschbach, work continues 
along these lines. 


2.2.2 Bimolecular Reactions 


As has been remarked previously (§ 1.3), experimental evidence 
concerning the detailed kinematics of bimolecular reactions, A + BC 
AB + C, is currently being sought by two different routes. 

The first of these, the measurement of reaction cross section in crossed 
molecular beams, was pioneered by Taylor and Datz (1955) who 
studied the reaction K + HBr > KBr + H. Greene et al. (1960), using 
a more refined apparatus with mechanical velocity selection on the 
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K beam, and with HBr velocity-spread diminished by cooling, found 
that the cross section for the reaction at first increased with relative 
kinetic energy of the colliding species and then decreased. However, 
it now appears likely that the effect was spurious (Herschbach, 1960). It 
is mentioned here as an indication of the type of information being 
sought. 

A crossed-beam apparatus is shown in Fig. 5. The apparatus is 
cooled to liquid nitrogen temperature. As a result, background scattering 
is extremely slight. The apparatus has been applied to the reaction 
K + CH,I and K + C,H,I (Kwei et al., 1960; Herschbach et al., 1961) 
and also Rb + CHI (Kinsey et al., 1961). First results show that the 
final velocity vector tends to lie along the direction of the initial velocity 
vector. It also appears that about three-fourths of the heat of reaction 
goes into vibrational and rotational excitation of the products. 

The second method involves the measurement of the energies of 
freshly formed product molecules. 

The first indication that exothermic reactions, A + BC — AB + C, 
result in the direct formation of ABt (vibrationally excited AB in its 
ground electronic state) came from the analysis of the sodium + halogen 
chemiluminescence (§ 2.1.2). Detailed investigation of this system by 
M. Polanyi and associates (see Evans and Polanyi, 1939; Polanyi, 1959 for 
a review) led to the conclusion that the process X + Na, —» NaXt + Na 
was occurring with high collision efficiency to produce NaXt containing 
50-90% of the heat of reaction as vibration in the newly formed bond. 
The presence of NaXt was not shown directly but was inferred from 
the behavior of the chemiluminescence which gave every appearance of 
being due to NaXt + Na— NaX + Na’*, followed by Na* + Na + hy. 

Direct evidence for the presence of ABt among the products of reac- 
tion A + BC, came from the observation of infrared chemiluminescence 
(A » 3u) arising from the room temperature reaction H + Cl, > 
HClt + Cl (Cashion and Polanyi, 1958). Subsequently, Cashion and 
Polanyi (1959b, 1960a; H+ Br,, 1960b) attempted to derive the 
distribution of freshly formed product molecules among vibrational 
states, from the observed distribution. However, the calculation of 
initial energy distribution from the stationary-state distribution which 
has been modified by collision, is doubtful. Experiments are currently 
being performed at such low pressures (10-2 mm total pressure, 
~ 10-* mm partial pressure of HClt) and high flow rates, that the 
initial distribution can be obtained more directly (Charters and Polanyi 
1962). The new results differ significantly from those obtained from 
“high pressure” data. The product, HClt, at the low pressure, is 
in a markedly non-Boltzmann distribution among vibrational levels, 


21. CHEMICAL PROCESSES 835 


demonstrating that it is of chemical rather than thermal origin. 
A second difference is that, whereas earlier work suggested that the 
entire heat of the reaction could go into vibration, the lowpressure 
study indicates that no appreciable amount of HClI* is formed directly 
with more than 65% of the heat of reaction present as vibration. Rate of 
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reaction appears, in this case, to be greater into successively lower 
vibrational levels. The apparatus employed in the low-pressure work 
(Charters and Polanyi, 1960) is shown in Fig. 6. 

The reverse process to that discussed above would be an endo- 
thermic reaction ABt+ C—>A+ BC. Diffusion of sodium into 
hydrogen coming from a discharge, results in bimolecular consump- 
tion of the sodium, with formation of NaH. However, the reaction 
Na + H, is too endothermic to proceed at an appreciable rate. Elec- 
tronically excited H,, it has been shown, cannot be present. The only 
remaining possibility appears to be H,t + Na—H-+ NaH; a reaction 
of the ABt + C variety (Polanyi and Sadowski, 1962). 

The first direct evidence of high vibrational energy among reaction 
products came from the study of a reaction of the type A + BCD > 
ABt + CD. McKinley et al. (1955; Cawthorn and McKinley, 1956; 
Kraus, 1957; Garvin, 1959) observed a visible glow from the system 
H + O;, which they showed to be due to OH* among the products. 
Garvin et al. (1960a) extended these observations into the infrared, at 
pressures in the region 2-5 mm and attempted to calculate the original 
distribution of OH* among vibrational levels. Cashion and Polanyi 
(1961) did the same for HCl* formed from H + NOCI. Unfortunately, 
these calculations are subject to considerable uncertainty (see H + Cl, 
above). A detailed appraisal of the results must, therefore, await investi- 
gation at lower pressures. 

Direct evidence for the formation of vibrationally excited product in 
reactions of the type under discussion, A + BCD — ABt + CD, has 
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been obtained in a number of cases by the powerful technique of flash 
photolysis, followed by absorption spectroscopy (Fig. 7). The absorption 
spectrum involves electronic transitions; consequently, the method is 
not restricted, as is that described previously, to product molecules 
possessing a permanent dipole moment. Furthermore, the interval 
between reaction and observation can be made extremely short. In 
practice, the latter advantage tends to be offset by the fact that much 
higher pressures are employed. Systems that have been studied are 
O + ClO,, O + NO, (Lipscomb et al., 1956) and O + O3; (McGrath 
and Norrish, 1957, 1960); producing Of in each case. The systems 
Br + O, and Cl + O3, which give rise to BrOt and ClO?t, have also 
been studied (McGrath and Norrish, 1957, 1958). The vibrational 
population distributions among the products, observed by this method, 
may be the initial distributions (Basco and Norrish, 1960). However, 
this has not yet been established, nor has a quantitative estimate of 
the populations been made. 

All that can be said at the present time with any degree of confidence 
concerning the exothermic reactions A + BCD, is that these reactions 
too can result in the direct formation of product AB? as a highly vibrating 
species. In the system H + NOCI (Cashion and Polanyi, 1961) the 
product is in a non-Boltzmann distribution among vibrational states; 
the excitation process must, therefore, be chemical since thermal excita- 
tion, subsequent to formation, could not account for this. 


2.2.3. Termolecular Reactions 


In § 2.1.1 evidence was adduced to show that dissociation takes place 
from high vibrational levels in a quasi-unimolecular process, such as 
AB+ M—>A+ B+ M.Itisa corollary that association, A + B+ M 
—> AB + M, takes place into high vibrational levels of AB. 

The only direct experimental evidence for this comes from observa- 
tions (Cashion and Polanyi, 1960a, b) of infrared chemiluminescence 
arising from the systems H + HCl, H + DCI, D + HCl, and H + HBr. 
The results were consistent with an initial hydrogen abstraction reaction 
(H + HX — H, + X) followed by a termolecular association reaction 
(H + X + M-> HX* + M)to form the highly vibrating halide respon- 
sible for the infrared emission. HCl or DCI acting as third body, M, 
was not excited to levels higher than v = 1. 

When H atoms were diffused into NO (Cashion and Polanyi, 1959a), 
infrared emission was obtained from vibrationally excited HNO. The 
excited adduct is probably formed by a process of the type A + BC + M 
— ABCt + M. 
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3 Theory of Reaction Rates in Gases 


3.1 THEoryY OF THE DEPENDENCE OF RATES ON CONCENTRATION 
AND ‘TEMPERATURE 


3.1.1. Unimolecular Reactions 


(i) Collision Theory. Starting from the Arrhenius hypothesis (§ 1.2) 
that reaction is restricted to “activated” molecules, a theory of reaction 
rates must postulate a mechanism for the activation process. Trautz 
(1918), Lewis (1918), and Perrin (1919) independently suggested that, 
in thermal reactions, activation was produced by absorption of infrared 
radiation emitted by the vessel walls. One of the reasons for rejecting 
this theory was that it implied that a reaction proceeding in the reverse 
direction would lead to the emission of infrared radiation. There is 
now good evidence (§ 2.2.2) that exothermic reactions proceeding at 
low pressure to form infrared-active product molecules, do in fact 
emit infrared radiation. Under these special circumstances radiational 
activation could, therefore, make a contribution to the reverse reaction. 

In general, however, activation will be collisional. Only collisional 
activation can account both for the unimolecular kinetics observed at 
high pressures, and the transition to bimolecular kinetics at lower 
pressure (Christiansen, 1921; Lindemann, 1922). Suppose that ABC is 
dissociating to give A + BC in a bath of molecules M: 


M + ABC = M + ABC? (67) 


ABCt-4+A4+4BC (68) 


where ABC! is the activated molecule, present in small concentration. 
According to the stationary-state hypothesis (§ 2.1.1) 


ky (M) (ABC) = 2, (M) (ABC) + &, (ABC) (69) 


Suppose that in the high-pressure region the rate of unimolecular 
decomposition of ABC! is small compared to the rate of collisional 
deactivation; k_,(M)(ABC*) Sk, (ABC). Then to a very good 
approximation (69) becomes 


k,(M) (ABC) = &_,(M) (ABC?) (70) 
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and 
(ABC) = Kiq (ABC), 
but 
— d(ABC!)/dt = k,(ABC?) (71) 
= kh, : Kéq(ABC). (72) 


The observed rate of dissociation will be first order. However, at 
sufficiently low pressure, k_, (M) (ABC') < k, (ABC*) so that 


k,(M) (ABC) = k,(ABC?) (73) 
and 
(ABC!) = k,(M) (ABC)/A, 
substituting into (71) 


— d(ABCt)/dt = k,(M) (ABC). (74) 


The rate of dissociation at the low-pressure limit is second order. 

This theory in its simple form fails to account for the fact that when 
complex molecules are being dissociated, first order kinetics can be 
observed down to relatively low pressures. This implies a very efficient 
activation process able to maintain the equilibrium concentration of 
activated molecules even at low pressures. Hinshelwood (1927) suggested 
that a complex molecule can be regarded as activated if it has a total 
energy greater than E distributed among uv normal modes of vibration. 
The probability of this is given by, 


exp (— E/RT) see : 


(75) 
When by chance, this energy eventually finds its way into one particular 
normal mode of vibration, the molecule dissociates. Kassel (1928, 1932) 
and Rice and Ramsperger (1927, 1928) have elaborated this picture to 
include the plausible notion that the rate with which energy passes into 
the critical vibration is greater, the greater the total energy in the 
activated molecule. 

There exists a second model for the mechanism of unimolecular 
dissociation, based on a quite different assumption from that of 
Hinshelwood, Kassel, Rice, and Ramsperger. Whereas the HKRR 
theory is based on the idea that energy flows freely between normal 
modes of vibration, the second theory assumes that no such energy 
flow occurs. This second view has its origins in the work of Polanyi 
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and Wigner (1928) who assumed that a molecule dissociated, not when 
a single bond gathered a large energy, but when it was greatly stretched 
as a result of “phase coincidence” between normal modes; that is to 
say, as a result of a fortuitous juxtaposition of normal modes, involving 
large stretching of the critical bond. Polanyi and Wigner were only 
able to apply the argument approximately to a simple case. Slater 
(1939, 1948, 1959) has succeeded in developing a precise and generalized 
theory. 

Gill and Laidler (1958, 1959a, b, c) have compared the two theories, 
by employing each in the calculation of the decline of the first order 
rate constant with decreasing pressure. The cases examined are the 
majority of the reactions listed in order of increasing complexity in 
§ 2.1. Gill and Laidler find that (with the exception of O, where Slater’s 
theory succeeds) the Slater theory gives poor results for less complex 
molecules, good results for complex ones. They suggest that in small 
molecules dissociation implies more energy per normal mode, and hence 
increased likelihood of the flow of energy about the molecule; making 
the Slater-type argument untenable. 

(ii) Transition State Theory. This theory, outlined in more detail in 
the following section, presumes an equilibrium between reagents and 
activated species. It is therefore inappropriate to the discussion of 
quasi-unimolecular behavior, which has its origins in a failure to maintain 
such an equilibrium. However, in the high-pressure region of true 
unimolecular reaction, we can write in terms of the transition state 


theory, for the reaction ABC — AB + C, 





kT Qixc 
k=  Ousa exp (— E,/RT) 
or 
kT 
k= 7 exp (4.S*/R) exp (— 4H1!/RT). 


Here Oizc is the complete partition function for the activated molecule, 
with the exception of the degree of freedom along the coordinate of 
decomposition. 4S* is the entropy of activation with the exception of 
the entropy term for the degree of freedom corresponding to dissociation. 
kT/h has a value ~ 10! sec"! at normal temperatures. In decomposi- 
tions where the Arrhenius A-factor differs markedly from the normal 
experimental value of 10", this can often be understood in terms of a 
significant contribution from 4S*. 4S* will be significant only if there 
is a change in the number of low-frequency vibrations (in practice, this 
usually means bending modes) or rotations. Thus, the opening of a 
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ring, as in the isomerization of cyclopropane, should be accompanied 
by a very high A-factor. The observed A-factor is 1.5 + 10% (Pritchard 
et al., 1953). Conversely, the closing of a ring should be accompanied 
by a “low” A-factor, < 10! (For a review see Szwarc, 1950; Gowenlock, 
1960). 


3.1.2 Bimolecular Reactions 


(i) Collision Theory. This theory (Lewis, 1918; Herzfeld, 1919; 
Polanyi, 1920) supposes that there are two requirements for bimolecular 
reaction. (a) The reagent molecules must approach to within a distance 
oap Of one another, where ogg is the mean of the gas kinetic collision 
diameters, o,, and ogg, in the pure gases. The rate of this binary 
collision process in a reaction A + BC is given by 


Zx.nc = P(A) (BC) Z (76) 
= p(A) (BC) 0%, (87RT/p)'/? liter mole“ sec—. (77) 


where p is a symmetry factor which is unity for the present case, but 
would be 0.5 if the reagent molecules were identical; (A) and (BC) are 
concentrations in moles per liter; is the reduced mass M,Mgc/ 
M, + Myc, where M, and Myc are masses of 1 mole of A and BC; 
Z is the “collision number,” that is to say, the collision frequency at 
unit concentration of unlike molecules. 

(b) the second requirement is that the colliding species have a relative 
translational energy along the line of centers, in excess of E. Expression 
(75) gives the probability that a molecule will have energy greater 
than E in wv vibrations, that is to say,in 2v “square terms’ (oscillation 
involves two energy “square terms”’: kinetic and potential). Two degrees 
of freedom of translation, one belonging to each of two approaching 
molecules, also constitute two square terms. On writing v = | in (75) 
we have exp (— E/RT) for the probability that the colliding species 
have a relative translational energy along the line of centers in excess 
of E. [This result is correct, but the derivation is not rigorous. See 
Fowler and Guggenheim (1939) for a direct derivation.] 

Combining factors (a) and (b) we have for the rate of bimolecular 
reaction, according to collision theory, 


Rate = p(A) (BC) Z exp (— E/RT) (78) 
and the rate constant, 


ky = pZ exp (— E/RT). (79) 
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The Arrhenius A-factor is seen to be given by pZ. The A-factor 
should, therefore, increase slowly with temperature, «71/2 [see (77)]. 
The values obtained for A at normal temperatures, using reasonable 
values for oag and yp, are in the range 101%-5-101:5 liter mole sec—}. 
This accords well with the A-factors normally obtained by experiment 
(Table II). A-factors several powers of 10 lower than 101%5 liter mole~1 
sec“! are, however, quite usual for more complex bimolecular reactions 
[see Steacie and Szwarc (1951) for a compilation, and also Table IV]. 
To take account of this, an empirical “steric factor,” P, is frequently 
placed ahead of the collision number, 


hk = PpZ exp (— E/RT). (80) 


P cannot be calculated by the collision theory. However, it can easily 
be shown (Laidler, 1950) that P should be related to the entropy change 
on going to the activated state. It is the great strength of the transition 
state theory, that follows, that it permits calculation of P along these 
lines. 

(ii) Transition State Theory. Unlike the collision theory, this theory 
attempts to take into account all the internal motions of the reacting 
molecules in their initial state and in the activated state. The treatment 
involves two separate calculations. First, it is necessary to calculate a 
potential energy surface for the system, that is to say, the potential 
energies of the reacting species as a function of internuclear separation. 
It is supposed that the system passes across the energy barrier separating 
reagent configuration from product configuration at its lowest point. 
The region in configuration space corresponding to this low pass in 
the energy barrier is called the “transition state.” A system in the 
transition state we will refer to as an “activated complex.” In the second 
part of the calculation the concentration of activated complexes is 
calculated by statistical or thermodynamic argument, assuming an 
equilibrium between reactant molecules and activated complexes. By 
a simple device the activated complex concentration is related to the 
rate of passage across the barrier from reagents to products, that is to 
say, the rate of reaction (Pelzer and Wigner, 1932; Eyring, 1935; Evans 
and Polanyi, 1935). 

The potential-energy surface for a reaction A + BC-—» AB + C can 
be plotted in three dimensions if it is supposed that the atoms are 
always in a straight line. London (1928, 1929) showed that the energy 
of a linear arrangement of three atoms is given by 


E=A+B+4+C+4[(x—pP+B—-yvP+(e—y}}P? (81) 
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where A’, B’, and C’ are “Coulombic” energies, and «, 8, and y are 
“exchange” energies, all of which are functions of internuclear separa- 
tion. If the integrals A’, B’, C’, a, B, and y were calculated, a poor estimate 
would be obtained of E, owing to the approximate nature of London’s 
equation (Coolidge and James, 1934). To circumvent this difficulty, 
Eyring and Polanyi (1931) looked for a semiempirical solution. They 
argued that the sums, A’ + a, B’ + f, and C’ + y, can be equated to 
the experimentally determined potential energies of the diatomic 
molecules A,, B,, and C,, expressed in the form of Morse functions. 
This left an adjustable parameter—the ratio of Coulombic energy to 
exchange energy. On using a plausible fraction of ~ 10% for this ratio 
(based on the equations of Sugiura, 1927) Eyring and Polanyi obtained 
an activation energy of 15 kcal/mole for the reaction H + H, > H, + H 
(experimental value 7.5 + 1, see § 2.1.2). Having regard to the method 
of calculation, this semiempirical activation energy has more qualitative 
than quantitative interest. Through its links with quantum mechanics 
the method of calculation was able for the first time to provide an 
explanation of the low activation energies of exchange reactions, in 
comparison with the energy of the bond that was broken (7.5 kcal as 
against 103 kcal, in the case under discussion). 

More recently a number of purely quantum-mechanical calculations 
of the H, surface have been made by variational calculations (Hirschfelder 
et al., 1936a; Ransil, 1957; Kimball and Trulio, 1958; Boys and Shavitt, 
1959). Boys and Shavitt calculated, a priori, an activation energy of 
15.4 kcal/mole. Their calculation employed six 1s orbitals, two of them, 
with different screening parameters, on each of the three hydrogen 
atoms, with the additional variation of an over-all scaling factor. It is 
probable that a very much more elaborate treatment would be required 
to improve significantly on their value for the activation energy. 

The statistical calculation of absolute rate begins (in the formulation 
of Eyring, 1935) with the allocation to the activated complex of an 
arbitrary length 6 in the reaction coordinate of the transition state 
region. (The reaction coordinate is defined by the path of minimal 
energy across the barrier.) The rate of reaction is then c'd/8, where ct 
is the concentration of activated complexes, and @ is their mean velocity 
along the same coordinate to which 6 refers. On substituting the Maxwell- 
Boltzmann expression for 3, and taking note of the fact that reaction 
rate = kyCacgc, 


a 


ct ( kT - (82) 


Ca * CBC 2amt ) 


where m!* is the effective mass of the activated complex along the 
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reaction coordinate. On the equilibrium hypothesis the concentration 
ratio in (82) is given by a ratio of partition functions. In these parti- 
tion functions energy appears in exponential terms; by taking out 
exp (— E,/RT), where E, is the difference in the zero level energy 
(per mole) between reagents and activated complex, all partition func- 
tions, Q, can be referred to the same zero of energy; 


Qanc kT 
ky = 0, Geo exp (— E,/RT) (==) 
It is convenient to use instead of Qigc, which is the complete partition 
function for the activated complex, OXpc from which has been abstracted 
the partition function for the translational degree of freedom along the 
coordinate of decomposition; (27m! kT)!/2 8/h. Equation (82a) becomes 


1/2] 
3° 





(82a) 


AT  Qasc 
k= “Oy One exp (— E,/RT). (83) 
kT/h has the dimensions of frequency and represents the frequency 
with which any activated complex crosses a barrier at temperature T 
(~ 6.10!2 at 300°K; of the same order of magnitude as vibrational 
frequency). In some cases it is necessary to introduce a transmission 
coefficient, «, and also a correction for quantum-mechanical tunneling, 
ahead of the terms on the right-hand side of (83) (Glasstone et al., 1941). 
The product (kT/h) (OXpc/Qa -Qpc) corresponds to the Arrhenius 
A-factor of the reaction A+ BC. The temperature dependence of 
this A-factor will depend on the spacing among vibrational levels 
(particularly the bending vibrations in ABC?, since these are closely 
spaced) and rotational levels of reagents and activated complex. The 
temperature dependence for A + BC will range from T-1/? to T1/? 
(see Frost and Pearson, 1953). 
Expression (83) is, of course, applicable to other reactions than the 
A + BC type, if the appropriate partition functions are employed. 
The calculation of OXpc involves a knowledge of the force constants 
for the stretching and bending modes of vibration in the activated 
complex and a knowledge of the internuclear separations. These are 
taken from the potential energy surface. In the semiempirical calculations 
of Hirschfelder, Eyring, and Topley on the system H + Hy, the per- 
centage of Coulombic energy was adjusted to give a surface with a 
barrier height in accord with the experimental activation energy. This 
method led to a highly asymmetric activated complex, (rap ~ 2rgc¢)- 
The purely quantum-mechanical calculations, on the other hand, in- 
variably lead to a symmetrical activated complex (7,3 = 7gc). It is 
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TABLE III 


OBSERVED RATE CoNnsTANTS (1000°K) CoMPARED WITH RATE CONSTANTS 
CALCULATED BY THE COLLISION THEORY AND BY THE THEORY OF ABSOLUTE 


REACTION RATES? 














Calculated 
lute th 
Collision Absolute theory 
Reaction Observed theory Purely 
Semi- quantum 
empirical mechanical 
1 
H+ H,>H,+ H k, = 1.00° 1.004 1.00¢ 1.00% 
D+D,—>D,+D ky = 0.52? 0.714 0.51¢ 0.48 
D+ H, es DH+H — &k/k, = 2.4° 1.75% 1.78¢ 2.5% 
5 
H+D,2HD+D &jk, = 1.35 2.44 0.99 1.43 
6 
2 All constants expressed relative k, = 1. 
> Farkas and Farkas (1935). 
© Boato et al. (1956) 
4Van Meersche (1951). 
¢ Hirschfelder et al. (1936b). 
# Shavitt (1959). 
TABLE IV 
A-Factors (400°K) ror HypRoGEN ABSTRACTION REACTIONS* 
lit li 
Reaction Acalc a a Aopvs An ome 
mole sec mole sec 
H+ H, + 1910 5.4 - 10, 
CH, + Hz, 9 - 10% 1.6 « 10% 
CF; + H, 3.8 - 108 3.2 + 1084 


“ Calculated values from absolute rate theory. 


>Polanyi (1955, 1956); see also Bywater and Roberts (1952). 


© Ayscough and Polanyi (1956). 


4 Boato et al. (1956). 


¢ Majury and Steacie (1953); Whittle and Steacie (1953). 
f Pritchard et al. (1956). 
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surprising that when (83) is applied to either the symmetric or the 
asymmetric surface (Table III), a good correlation is obtained between 
experimental and theoretical rate constants in the isotopic series 
H + H,, D + D,, etc. (cf. the isotopic series CH; + H,, CD; + Dg, 
etc.; Polanyi, 1955). 

That the transition state theory represents a very real improvement 
over the collision theory can be seen from the results presented in 
Table IV (Ayscough and Polanyi, 1956). On using a collision diameter 
of 4.0A for CF, and 2.84 for H,, the collision theory predicts an 
A-factor of 4.6 101! at 400°K for the reaction CF, + H, > CF,H + H. 
The transition state theory (using a three-dimensional model for the 
activated complex) leads to an A-factor smaller by a factor of 10-’—in 
good agreement with experiment. 

For other studies on these lines, see Knox and Trotman-Dickenson 
(1956) and Herschbach et al. (1956). 

The thermodynamic formulation of absolute rate theory has its origin 
in the equilibrium A + BC = ABC! [cf. (82)] for which we can write 
an equilibrium constant Kt = exp(— 4 F?/RT) = exp (4S*/R) exp 
(— 4H?*/RT). It can be shown that 


ky = ar exp (4.S*/R) exp (— 4H?#/RT) (84) 
where 4S* differs from 4S', the entropy change on activation, by a 
small amount owing to the fact that 4.S* lacks an entropy term for the 
degree of freedom corresponding to dissociation. kT/h once again 
represents the frequency of dissociation. 

A variant on the semiempirical method of plotting potential energy 
surfaces, is the energy profile method (Ogg and Polanyi, 1935; Evans 
and Polanyi, 1938). This method expresses the total energy in terms 
of the strengths of the bonds being broken and formed, and also the 
repulsions between reagents and between products. A relation between 
heats of reactions and activation energies arises out of the treatment; 


E=oa4H +c. 
« was calculated to be ~ 0.3 (Butler and Polanyi, 1943). The validity 
of the relationship is still in doubt (see Trotman-Dickenson, 1955, 
1959; Dodd, 1957). 
3.1.3. Termolecular Reactions 


(i) Collision Theory. Bodenstein (1922) suggested that the ratio of 
bimolecular to termolecular collisions should be the ratio of the duration 
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of a binary collision to the time required to traverse a mean free path, 
which is roughly the ratio of molecular diameter to the length of a 
mean free path. At l-atm pressure this is 10-%. Tolman (1927) has given 
a more accurate method of calculation based on a hard-sphere model 
of the colliding atoms, 


ky = pZy exp (— E/RT) 
where Z;, the termolecular collision number (collision rate at unit 
concentrations), is given by 


23 = 8 V2 79 ofp ofmd V RE (se + 


VitaB . Ta) 


Here ogg and ogy, are mean collision diameters [see (77)] in the termole- 
cular reaction A + B+ M—AB-+ M;; dis the distance that an atom 
can move while still remaining within interaction range of another 
(this determines the time interval during which A and B constitute a 
pair, and can be “successfully”? approached by M); ag and pgy are 
reduced masses. 

(ii) Transition State Theory. We can apply a relation analogous to (83). 


(86) 


AT Qkow 
h Qa . Oz . Om 


A consideration of the actual partition functions, when A, B, and M 
are atoms (Q4, Og, and Oy, all translational), leads to the result that (87) 
is identical, in this case, with the collision theory expression (Benson, 
1960a). 

More sophisticated statistical calculations of the rate of termolecular 
association reactions (A + B + M-»AB-+ M) have been made by a 
variational method devised by Wigner (1937). By use of “trial’’ potential- 
energy surfaces, a surface can be chosen which yields an upper limit 
for the reaction rate (Keck, 1958, 1960). As it turns out this agrees quite 
well with the experimental rate. 

Recently a quantum-mechanical calculation of the rate of the recom- 
bination reaction O+ 0+ 0, has been successfully carried out 
(Bauer and Salkoff, 1960). The calculation, by a “perturbed-stationary- 
state” method (Salkoff and Bauer, 1958), was applied to a model in 
which a colinear collision was presumed to take place with resultant 
transfer of the newly formed O, into a vibrational state near its dissociation 
limit. The calculated rate constant agreed to within a factor of three 
with the observed value. 


a= exp (— E,/RT). (87) 
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Two theories have been advanced to account for the decrease in the 
rates of association reactions at increased temperatures (described by a 
negative activation energy, FE, ~ — 1.5+ 1 kcal/mole). The first 
theory (Christie et al., 1953) suggests that the association goes by way 
of A+ M—AM followed by AM+ B--AB+M. At increased 
temperature AM has a shorter life and consequently AM + B becomes 
less probable. This argument has been offered only as a qualitative ex- 
planation. 

The second view (Polanyi, 1959) is that A+ B-+ M leads to the 
formation of highly vibrating ABt close to dissociation. This ABt is 
for the most part stabilized at subsequent collisions. However, a certain 
fraction redissociates. The fraction redissociating is greater at higher 
temperatures. This argument leads to negative activation energies of 
the right order of magnitude. 


3.2 THEORY OF THE DEPENDENCE OF RATES ON 
KINEMATIC FACTORS 


The theories outlined in the foregoing embody assumptions concerning 
the kinematics of reaction. Eliason and Hirschfelder (1959) have shown 
what restrictions must be applied to a generalized collision theory in 
order to make it equivalent to the transition state theory. An even 
more general collision approach, based on the quantum-statistical 
mechanical theory of irreversible processes, has been developed by 
Yamamoto (1960). One important limitation of the transition state 
theory is evident from an examination of (83); the partition functions 
in this expression are only relevant if translation, vibration, and rotation 
are thermally equilibrated in the reagents and in the activated complex. 

It is a common kinematic assumption (see, however, Careri, 1953) 
that dissociation of a molecule AB will occur more rapidly from a highly 
vibrating state. Rates of thermal dissociation have been calculated on 
the basis of a model in which the molecule climbs a “vibrational ladder” 
by a random walk, to reach a particular level from which dissociation 
can occur (Montroll and Shuler, 1958; Shuler, 1959; Kim, 1958; 
Nikitin, 1958; Widom, 1958, 1959). By using simple models, calculations 
have been made of relative rates of dissociation from various vibrational 
levels in the neighborhood of dissociation (Pritchard, 1961). These 
calculations confirm, in an approximate but quantitative fashion, the 
general expectation that the collision efficiency for dissociation will 
increase rapidly as the level of vibrational excitation is increased toward 
the dissociation limit. 
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Since the reaction to which these calculations are applied is the 
“quasi-unimolecular” process AB ++ M—>A-+ B+, the calcula- 
tions throw some light on the termolecular association which is the 
reverse reaction. By the principle of microscopic reversibility if the 
rate of dissociation is greatest from the high vibrational levels of AB 
then the rate of association should be greatest into these levels. As already 
remarked, this may account for the “negative activation energies” of 
association reactions (§ 3.1.3). Moreover, the view that recombination 
forms highly vibrating product receives additional theoretical support 
from the fact that it forms the basis of a successful quantum-mechanical 
calculation of the rate of association (§ 3.1.3). 

Various models have been proposed for the calculation of energy 
distribution among the products of exothermic exchange reactions, 
A + BC, (or, conversely the most favorable energy distribution among 
the reagents for the reverse, endothermic, reaction). Though the problem 
is essentially quantum mechanical, some insight can be obtained from 
classical arguments. If quantization of vibration is ignored it becomes 
possible to represent the exchanges of internal energy within a reacting 
system by the motion of a sliding point mass across a potential-energy 
surface with skewed coordinates (Eyring and Polanyi, 1931; Wall e¢ al., 
1958). Alternatively, a simple valence bond description of the activated 
complex ABC!, combined with evidence concerning the efficiency of 
transfer of vibrational energy at a collision, leads to the result that the 
major part of the heat of reaction will appear as vibration in the new 
molecule AB (Polanyi, 1959). This is in accord with the result obtained 
classically by Smith (1959). 

The quantum theory of reaction rates has been developed formally 
by Golden (1949), Bauer and Wu (1953), Mazur and Rubin (1959), and 
Bauer (1958). The limitation on quantitative calculation lies in the 
inadequacy of the quantum-mechanical calculations of potential energy 
surfaces. Golden and Peiser (1949) have applied a quantum-mechanical 
formulation of the reaction-rate problem to reaction across a semi- 
empirical (Eyring-Polanyi) potential energy surface. The reaction studied 
was the endothermic process Br + H, > HBr + H. It was found that 
95% of the rate came from hydrogen molecules in the first excited 
vibrational state. The “rotational temperature” of the newly formed 
HBr was predicted to be roughly one-half the initial H, temperature. 
This, of course, implies that the exothermic reaction, H + HBr, 
should result in the formation of vibrationally and rotationally excited 
H,. The result gains added significance from the fact that it is found 
to be insensitive to changes in the percentage Coulombic energy em- 
ployed in constructing the semiempirical energy surface. 
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A 
Air 
attachment coefficient, 218, 224, 239 
average excitation energy, 629 
collision frequency of thermal elec- 
trons, 364 
electron drift speed, 361 
energy loss of slow electrons, 371 
equivalent collision cross section for 
drifting electrons, 363 
ion pair, mean specific energy per, 637 
ionization coefficient, 218, 224 
recombination, ionic, 274, 275 
shock heated, emission from, 70 
Townsend energy factor, 359 
Al 
average excitation energy, 629 
oscillator strengths, 51, 54 
Al*, mobility in N,, 659 
Al-, detachment energy, 137 
Ar 
beams, ionic, 776 
clustering in, 654 
collision probability coefficient, 321 
diffusion in -He mixture, 647, 649; 
in -Ne and -Kr mixtures, 649 
elastic scattering of electrons, 
of positrons, 322 
interaction potential with Ar, He, Ne, 
N2, 688; with H-, H, 689 
ion pair, mean specific energy per, 
637 
ionization coefficient, 216 
ionization by electrons, 377 
mobility of alkali ions in, 653; of Ar,+ 
in, 658; temperature dependence of 
mobility of K+ in, 654 
oscillator strengths, 193 
photoionization, 91, 94, 96 
scattering by Ar, 672, 673, 675; by 
He, Ne, 681 


321; 


Art 
charge transfer to Ar, 710, 711, 712; 
to Kr, 716 
excitation of, and by, in ion-inert gas 
atom encounters, 485 
recombination dielectronic, 261; in 
high current spark channel, 269 
scattering by Ar, 690; by Ne, 681, 690; 
differential cross section from Ar, 666 
Ar?+ 
charge transfer to Ar, 711, 712 
Ar*+ 
transitions forbidden, astrophysical sour- 
ces, 11; probabilities, 13 
Ar,* 
mobilities in Ar, 658 
recombination, 267, 268 


B 


B beams, ionic, 771 

Ba, autoionization, 96 

Be 
average excitation energy, 629 
electron affinity (negative), 136 
photoionization, 91 

Br 
chemical reaction with Na,, 834 
combination, 831 

Br+, forbidden lines, 10, 13 

Br~, detachment energy, 137 

Br, 
chemical reaction with H, 834; with Na, 

826 

combination from atoms, 831 
photoionization, 93 
recombination, ionic, 277 
relaxation, 794 


Cc 
Cc 
average excitation energy, 629 
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beams, ionic, 771 
oscillator strengths, 193 
photoionization, 91 
transitions, forbidden, 
13 
ct 
charge transfer to Kr, 716 
photoionization, 91 
recombination, radiative, 252 
c- 
detachment energy, 136 
metastable state, 124 
photodetachment, 123, 124 
Cy 
Délandres-d’Azambuja bands, oscillator 
strengths, 61 
Swan bands, oscillator strengths, 61; 
relative intensities, 59 
Cz, photodetachment, 130 
Ca 
autoionization, 90, 96 
oscillator strengths, 52 
photoionization, 91, 94, 96 
Cat 
excitation by electrons, 417, 490 
photoionization, 91 
transitions, forbidden, probabilities, 13 
Ca™+ 
transitions, 
sources, 11 
probabilities, 13 
CCl, 
attachment, 208 
attachment coefficient, 219, 224, 237 
Cd 
autoionization, 90 
inelastic collisions with Het, 715 
quenching of resonance radiation by 
H., 617 
transitions due to nuclear perturbation, 
17 
CH 
oscillator strengths, 61 
lifetimes (radiative) 73 
CH}, lifetimes (radiative), 73 


probabilities, 


forbidden, astrophysical 


C,H, 

(benzene) 
ionization studies, 220 
intercombination bands, oscillator 


strengths, 37 
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vibronic bands, oscillator strengths, 35 
CH, 
(methane) 
ionization coefficient, 219 
photoionization, 90, 92, 95 
relaxation, 791, 798 
Cl 
beams, ionic, 773 
chemical reaction with 03, 837; with 
Na, 834 
oscillator strengths, 193 
Cl+ 
transitions, forbidden, probabilities, 13, 
oscillator strengths, 193 
Cl, 
chemical reaction with H, 834; with Na, 
826 
combination from atoms, 831 
relaxation, 794 
CN 
shock heated air, spectral 
distribution from, 70 
red bands, electronic transition moment, 
59 
violet bands, electronic transition mo- 
ment, relative intensities and band 
strengths, 59, 68 
CN-, photodetachment, 130 
co 
Angstrom and third positive bands, 
electronic transition moment, 59 
attachment coefficient, 219, 224, 241 
Cameron and Hopfield-Birge bands, 
nature and band strengths, 29 
charge transfer studies, 715, 716 
excitation by electrons, 455 
ion pair formation, 209, 210 
ionization coefficient, 219, 224, 241 
photoionization, 93, 95 
relaxation, 794 


intensity 


transitions, forbidden, intercombina- 
tion, 29, 30 
CO+, lifetimes (radiative), 73 
Co, 


absorption cell, use in, 439 

attachment coefficient, 219, 224, 240 
diffusion in -N, mixture, 649 
dissociative attachment, 210 

ionization coefficient, 219, 224 
photoionization, 93, 95 
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telaxation, 791, 794, 802 
Cs, photoionization, 91 
Cst+ 
mobility in inert gases, 653; in Ne, 658; 
temperature dependence in Xe, 654 
excitation by electrons, 490 
Cs+, recombination, 268 
Cu 
autoionization, 96 
average excitation energy, 629 
oscillator strengths, 65 
Cut 
transitions, forbidden, astrophysical 
sources, 11; probabilities, 13 


D 


D 
chemical reaction with H,, HD and D,, 
822, 846; with HCI, 837 
interaction potential with D,, 689 
scattering by D., 672 
Dt 
charge transfer to D, 712 
scattering by D., 673, 690 
D, 
chemical reaction with H and D, 822, 
846; with polyatomic free radicals, 
830 
electron drift speed, 361 
energy loss from slow electrons, 368 
equivalent collision cross section for 
drifting electrons, 363 
interaction potential with D, 689 
ionization coefficients, 217 
Townsends’ energy factor, 359 
D+, scattering by D,, 672, 690 


F 


F, photoionization, 91 

F- 
detachment energy, 136 
photodetachment, 123 

Fe, oscillator strengths, 65 

FE*+ 
transitions, forbidden, astrophysical 

sources, 11; probabilities, 13 


H 
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H 


attachment continuum, shock tube study, 
199 

attachment, radiative, 134 

Balmer lines, broadening of, 524; 
decrement in nebulae, 251; profile, 
539, 540, 542, 544, 545, 546; width 
and shift, 543; shape function, 196 

beams, ionic, 744; composition emergent 
from foils, 748; charge equilibrium 
in H,, 746, 748; He, 746; N, and On, 
747 

charge changing cross sections in air, 
754, 755; Ar, 757; CO and CO,, 
756; He, 751, 752, 758; He, 753, 757; 
N,, 754, 755; Ne, 757; NHs, 754; 
O,, 756; bibliography, 750 

chemical reaction with Br,, Cl,, 834; 
H,, D,, HD, 822, 846; HCl, DCl, 
HBr, 837, 850; Os, 787, 836; NO, 
NOCI, 837 

deactivation, 618 

diffusion at low temperatures, 
self-diffusion coefficient 650 

elastic scattering of electrons, 297; total 
cross section 315; differential cross 
section, 316; of positrons, 309 

excitation by electrons, 378, 403, 
406, 442; by H, 562; by Ht, 552, 
554, 582, 589, 590, 594, 596; by 
He?+, 589, 590 

hyperfine levels, transitions between, 10, 
12, 41 

interaction potential with He, 688; with 
Ar, Ne, H;, 689 

ionization by electrons, 377, 406, 434; 
by H, 567; by H+, 481, 522, 555; by 
He, 569 (electron loss); by Het, 568 
ejected electrons, energy distribution, 
557, 570; angular distribution, 571 

ion pairs, mean specific energy per, 636, 
641 

metastable state, 18 

photoionization, 86, 91, 94 

polarizability, 300, 311 

scattering by H,, 672, 692; by He, Ne 
and Ar, 692 

spin change collisions with H, 607 

stopping power towards Ht, 


651; 


626; 
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analysis of energy loss contributions, 
631 
two quantum emission, 18 
Ht 
charge transfer to H, 575, 576, 587, 593, 
603, 709; to He, 579; to Ne, 713; 
see also H, charge changing cross 
sections 
double electron capture from H, 741 
recombination, radiative, 247, 249, 250; 
Balmer continuum, absolute intensity, 
269; collisional-radiative, 257; in 
high current spark channel, 269 
scattering by He, 684, 685; by H,O, 
CH,, CF, and other systems, 690 
H- 
attachment continuum, shock tube study, 
199 
harge transfer to H, 603; see also H, 
charge changing collisions 
detachment, collisional, 489, 569, 692, 
117 
detachment energy, 136 
doubly excited states, 103 
interaction potential with He, H,, 688; 
with Ne, Ar, 689 
photodetachment, 113; oscillator strength 
sum rules, 119 
scattering by H,, He, Ne and Ar, 692 
Hy 
chemical reactions with Br, 825, 850; 
Cd*, 617; Hg*, 824; I,, 830; polyatom- 
ic free radicals, 830, 846; ortho-para 
conversion, 822 
diffusion at low temperatures, 651 
elastic scattering of electrons, 326 
electron drift speed, 361 
equivalent collision cross section for 
drifting electrons, 363 
inelastic collisions with Ht, 470 
interaction potential with H-, 
with H+, Hf}, H, 689 
ionization coefficient, 217, 222 
ionization by electrons, 434; by H+, 476 
ion pair, mean specific energy per, 637 
Lyman and Wermer bands, oscillator 
strengths, 62 
metastable level, 25 
photoionization, 93 
quenching of Cd*, 617; Hg*, 824; 
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Na*, 618 
relaxation, 789, 790, 801 
rotation-vibration bands, wavelengths, 
27; electric quadrupole, 27; forced 
electric dipole, 31; in planetary at- 
mospheres, 41 
Townsend energy factor, 359 
Hy 
charge transfer to Ne, 713; to inert 
gases, 715 
interaction potential with He, 688 
ionization by electrons, 489 
oscillator strengths, 62 
photoionization, 90 
quadrupole rotation-vibration spectrum, 
29 
scattering by H,O, CH,, CF, and other 
systems, 690 
Hy 
interaction potential with He, 688 
scattering by He, 680; scattering by 
H,O, CH,, CF, and other systems, 
690 
H,*+, recombination, 267 
H,- 
photodetachment, 125 
potential energy curves, 126 
vertical detachment energy, 125 
Hs, potential energy surface, 844 
HCl 
attachment, 208 
chemical reaction with NO, 837 
ionization coefficient, 219 
relaxation, 788, 791 
HD 
chemical reactions with H and D, 822, 
846 
rotation-vibration bands, electric dipole, 
31 
HD+ 
rotation-vibration bands, 
pole, 31 
He 
beams, ionic, 758; composition emerging 
from foils, 762; charge equilibrium 
in air, Ar, H,, He, N,, Ne, Oz, 761; 
charge changing cross sections in air, 
766; in H,, 764; in He, 765; in No, 
O,, 766; angular distribution, 760; 
bibliography, 763 


electric di- 
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clustering in, 654 

collision probability coefficient, 320, 321 

decay of metastable atoms in discharge, 
459 

diffusion of metastable He in, 651; 
of normal and metastable Ne in, 
650; in -Ar and -N, mixtures, 
647, 649, 691; at low temperatures, 
651 

drift velocity, 320, 321 

elastic scattering of electrons, 316; total 
cross section 319; differential cross 
section, 320; of positrons, 322 

energy loss of slow electrons in, 
367 

excitation, by electrons, 319, 408, 409, 
411, 454; by H, 565, 566; by H+; 
554, 565, 582, 592; by Het, 565; by 
He?+, 592; of metastable atoms by 
H and Ne, 566 

excitation and ionization, simultaneous, 
by H+, 558, 559 

interaction potential with He, H, Ar, 
N,, Ht, H}, Hj, H-, 688; with Het, 
689 

ionization by electrons, 319; by Ht, 
555, 566; by Het, 566 

ion pairs, mean specific energy per, 637, 
641 

lifetimes (radiative), 67 

lines, broadened; full half-width, 197; 
width and shift, 543; profiles, 540, 
541 

mobility of Het in, 656, 657; of Het+t+ 
in, 658; of Lit in, 654 

oscillator strengths and related proper- 
ties, 52 

photoionization, 91, 94 

scattering by He, 670, 672, 686 

stopping power towards H+, 627 

transitions, forbidden: forced electric 
dipole, 15; magnetic dipole (micro- 
wave region), 9 

He* 

charge transfer to He, 603, 709, 711; 
violent -He collisions 759; see also 
He, charge changing collisions 

excitation of, and by, in charge transfer 
with Cd and Ne, 715 

elastic scattering of electrons by, 326 
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interaction potential with He, 689 
ionization of, by electrons, 488; by H 
(electron loss), 568 
lines broadened: shape function, 176; 
electron broadening, 529; widths and 
shifts, 543 
mobility in He, 656, 657 
photoionization, 86, 91 
recombination, radiative, 252, 253; 
dielectronic, 259; in high current spark 
channel, 269 
scattering by He, 685; by Ne, 690; 
differential cross section from Ar, He, 
Ne, 666 
He?+ 
charge transfer to H, 577, 588; [non- 
resonance, 592; asymmetrical reson- 
ance, 593;] double symmetrical re- 
sonance, 603; to He, 712, see also 
He charge changing cross sections 
mobility in He, 658 
He- 
doubly excited states, 103 
in He ion. beam, 103, 767 
He} 
mobility in He, 657 
recombination, 266 
HeH?+ 
oscillator strengths, 62, 63, 64 
Hg 
ionization coefficient, 218 
transitions due to nuclear perturbation, 
15, 18 
Hgt 
charge transfer to Hg 
transitions, forbidden, relative intensities 
of hyperfine components, 9 
Het 
recombination, 268, 269 
H,CO 
(formaldehyde) 
forbidden bands, nature and oscillator 
strength, 36, 37 
H,O 
attachment, 208 
attachment coefficient, 219, 224, 233, 
237, 240 
clustering, 654 
ionization coefficient, 219, 224 
relaxation, 794, 803 
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H,0; 
decomposition, 816 


I 
beams, ionic, 773 
combination, 831 
transitions, forbidden, probabilities, 13 
It 
transitions, forbidden, relative intensities 
of hyperfine components, 9; Zeeman 
effect, 9 
I-, detachment energy, 137 
I, 
attachment, 206, 227, 228 
chemical reaction with H,, 830 
combination from atoms, 831 
recombination, ionic in, 276 
photon counter and ionization chamber, 
use in, 439 
photoionization, 93 
relaxation, 794 


K 


K 
chemical reaction with HBr, 833 
oscillator strength of resonance line, 65 
photoionization, 91, 94, 96 
transitions, forbidden, electric quadru- 
pole, Zeeman effect, 9; probabilities, 
13 
Kt 
charge transfer to K, 709 
mobility in inert gases, 653; in Ng, 
658; temperature dependence in Ar, 
654 
recombination, radiative, 252 
Krt 
transitions forbidden, astrophysical sour- 
ces 11; probabilities, 13 
Kr 
autoionization, 432 
beams, ionic, 777 
clustering in, 654 
collision probability coefficient, 321 
diffusion in -Ar, -Ne mixtures, 649 
interaction potential with Kr, 688 
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ionization coefficient, 215 
ionization by electrons, threshold re- 
gion, 432 
ion pair, mean specific energy per, 637 
mobility of alkali ions in, 653; tempera- 
ture dependence of mobility of Rbt+ 
in, 654 
Krt, charge transfer to Kr, 711, 712 
Kr*+, charge transfer to Kr, 711, 712 
Kr'+, charge transfer to Kr, 711, to Ne, 
716 


L 
Li 
beams, ionic, 767; charge equilibrium 
in H, and He, 768; charge changing 
cross sections, bibliography, 769 
ionization by H+, 556 
oscillator strength of resonance line, 65 
photoionization, 91, 94 
Lit 
charge transfer to Ar (including effect 
of excited ions), 714 
clusters with inert gas atoms, 654 
mobility in inert gases, 653; in Na, 
659; temperature dependence in He, 
654 
recombination, radiative, 252 
Li- 
detachment energy, 136 
photodetachment, 124 
Mg 
electron affinity (negative), 137 
photoionization, 91, 94 
Mg?, excitation by electrons, 417 


N 


beams, ionic, 771; charge changing cross 
sections in solid phase, 773 

elastic scattering of electrons, 324 

oscillator strengths, 193 

photoionization, 91 

polarizability, 324, 325 

transitions, forbidden, in astrophysical 
and geophysical sources, 11, 40, 41; 
laboratory sources, 10; in solid phase, 
39; probabilities, 13 
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Nt+ 
oscillator strengths, 193 
photoionization, 91 
recombination, dielectronic, 260; radia- 
tive, 252 

transitions, forbidden, in astrophysical 
and geophysical sources, 2, 11, 40; 
probabilities, 13 
N- 
detachment energy, 136 
metastable state, 103 
Ng 
charge transfer studies, 715 
collision probability coefficient, 331 
diffusion in -CO, and -He mixtures, 649 
elastic scattering of electrons, 331 
electron drift speed, 361 
energy loss by slow electrons, 370 
equivalent collision cross section for 
drifting electrons, 363 

excitation by electrons, 455, 456; by 
H+, 483, 485 

first and second positive bands, electron 
transition moment, 59, 61 

interaction potential with He, 
688; with N., 689 

ionization coefficient, 217, 221, 223 

ion pair, mean energy per, 637 

Lyman-Birge-Hoffield bands, nature, 
23, 26; band strengths, 24; absolute 
transition probabilities, 24, 26 

mobility of alkali and other atomic ions 
in, 659; of N} and Nt in, 658 

photoionization, 95 

range-energy relations for H+, 634 

relaxation, 182, 791, 794 

rotational-vibrational bands, forced elec- 
tric dipole, 31 

shock heated air, spectral 
distribution from, 70 

Townsends’ energy factor, 359 

transitions, forbidden, various, 30 

Vegard-Kaplan bands, nature, 29; band 

strengths, 29; absolute transition pro- 
bability, 30; occurrence in airglow 
and aurorae, 40 

vibrational deactivation of O, by, 787 

Nj 
first negative bands, electronic transi- 

tion moment, 59; oscillator strengths, 


Ar, 


intensity 
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61; life (radiative) of upper level, 73 
mobility (also N{) in N,, 658: 
recombination (also Nt, Nf), 267 


rotational vibrational bands of 
1M4NUN+, absolute transition proba- 
bility, 31 
Nz, possible transient existence, 457 
Na 


chemical reactions with halogens, 826; 
with H3, 836; with methyl and ethyl 
halides, 826 

excitation by electrons, 413; by Ht, 554, 
582, 595 

ionization (multiple) by electrons, thres- 
hold region, 429 

oscillator strength of resonance line, 65 

photoionization, 91, 92, 94 

quenching of resonance radiation by 


H,, 618 
transitions, forbidden, electric qua- 
drupole, Zeeman effect, 9; probabilit- 
ies, 13 
Nat 


mobility in inert gases, 653; in N,, 659 
photoionization, 91 
recombination, radiative, 252 
Na", transitions, forbidden, probabilities, 
13 
Na- 
detachment energy, 137, 138 
Ne 
beams ionic, 773; angular distribution 
of charge changing cross sections, 775 
collision probability coefficient, 321 
diffusion in -Ar and -Kr mixtures, 649; 
of metastable and normal atoms in 
He, 650; in Ne, 651 
elastic scattering of electrons, 321; of 
positrons, 322 
inelastic collisions with Het, 715 
interaction potential with Ne, Ar, 688; 
with H-, Net, 689 
ionization coefficient, 216 
ionization by electrons 377; (multiple), 
threshold region, 431; by H+, energy 
distribution of ejected electrons, 556 
ion pair, mean energy per, 637 
oscillator strengths, 193 
photoionization, 91, 94, 96 
scattering by Ne, 673, 675, 679 
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Net 
charge transfer to Ne, 710, 712; in 
violent collisions, 774; to Ar and CO, 
716 
interaction potential with Ne, 689 
photoionization, 91 
recombination, radiative, 252 
scattering by, 679, 681, 690; by Ar, 690; 
differential cross section from Ar, Ne, 
660 
Ne?+, charge transfer to Ne, 711, 712 
Ne®+, charge transfer to Ne, 711 
Ne*+ 
transitions forbidden, astrophysical sour- 
ces, 11; probabilities, 13 
Ne}, recombination, 267 
NO 
chemical reaction with H, 837 
as indicator of O atoms, 829 
intermolecular association complex, 800 
oscillator strengths of «, B, y, 6 and e 
bands, 69, 70, 71 
photon counters and ionization cham- 
bers, use in, 439 
photoionization, 93 
relaxation, 800 
stopping number, 629 
shock heated air, spectral 
distribution from, 70 
N,O 
decomposition, 816 
relaxation, 791, 794 
N,O;, decomposition, 816 
NO;, photodetachment, 130 


intensity 


Oo 
O 
attachment, radiative, 132; continuum, 
135 
beams, ionic, 773 
chemical reaction with hydrocarbons, 
829; with C10,., NO, O3, 837 
combination, 848 
elastic scattering of electrons, 322 
ionization by electrons, 435 
oscillator strengths, 193 
photoionization, 91 
polarizability, 323 
transitions, forbidden, astrophysical and 
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geophysical sources, 11, 40, 41; 
configuration interaction, 8; laboratory 
sources, 8; lives of upper levels, 14; 
relative intensities, 14; probabilities, 
13; 
Ot 
oscillator strengths, 193 
photoionization, 91 
recombination, dielectronic, 260; radia- 
tive, 252 
o"+ 
excitation by electrons, 435 
transitions, forbidden, astrophysical and 
geophysical sources, 11, 40; probabil- 
ities, 13 
o- 
detachment energy, 136, 211 
photodetachment, 120 
scattering by O,, 690 
O; 
absorption cell, use in, 439 
attachment, radiative, 133; resonance 
capture or dissociative, 208, 209; 
three-body, 130, 229 
attachment coefficient, 229, 230, 231, 
232, 233; cross section, 238 
charge transfer studies, 715 
combination from atoms, 848 
electron affinity, 128, 130 
electron drift speed, 361 
equivalent collision cross section for 
drifting electrons, 363 
Herzberg bands, nature and band 
strengths, 30; occurrence in airglow, 
40 
ionization coefficient, 218, 224; cross 
section, 240 
ion pair, mean energy per, 637 
microwave absorption, 26 
mobility of Ot in, 658 
photoionization, 95 
recombination, ionic, 275 
relaxation, 791, 794 
rotational-vibrational bands, forced elec- 
tric dipole, 31 
Schumann-Runge bands, absorption co- 
efficients, band strengths, electronic 
transition moment and relative inten- 
sities, 59, 71; Franck-Condon factors 
and oscillator strengths, 72 
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Schumann-Runge dissociation continu- 
um, oscillator strength, 71 
shock heated air, spectral 
distribution from, 70 
Townsend’s energy factor, 359 
OF 
mobility in O2, 658 
recombination, 268 
O; 
charge transfer to O., 718 
collisional detachment, 130 
photodetachment, 128 
threshold law, 106 
scattering by O,, 690 
Os 
chemical reaction with H, 836; with Br, 
Cl, 837 
decomposition, 816 
OH, violet bands, intensity distribution, 
59 
OH-, OD- 
photodetachment, 127 
threshold law, 106 


intensity, 


P 
Pp; :P* 
transitions, forbidden, laboratory sour- 
ce, 10; probabilities, 13 
P- 
detachment energy, 137 
photodetachment, 124 
Pb 
average excitation energy, 629 
transitions forbidden, magnetic dipole, 
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Zeeman effect, 9; probabilities, 13; 
relative intensities, 14 


Ss 
S"+ 
transitions, forbidden, astrophysical sour- 
ces, 11; probabilities, 13 
s- 
detachment energy, 137 
photodetachment, 124 
Si, Si*+ 
transitions, forbidden, probabilities, 13 
Si- 
detachment energy, 137 
metastable state, 124 


Xx 


xe 


beams ionic, 777 
collision probability coefficient, 321 
inelastic collisions with Art, 485 
interaction potential with Xe, 68° 
ion pair, mean energy per, 637 
mobility of alkali ions in, 653; tempera- 
ture dependence of mobility of Cs+ 
in, 654 
Xet 
charge transfer in Xe, 711, 712; in C,H,, 
716 
Xe2+ 
charge transfer to Xe, 711, 712 
Xei+ 
charge transfer to Xe, 711 
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General 


A 


A-coefficient, Einstein, 48,49 see Transi- 
tions 

Activation energy, 813 

Absorption coefficient (radiation), 49, 81 
integrated, 49 
laws of Beer and of Lambert, 81, 83 
measurement, 64, 81 
relationship with oscillator strength, 49 

Absorption cross-section (radiation), 49 

Absorption spectrum of negative ions, 102 

Absorption, ultrasonic, 784, 785 

Activated complex, 843 

Adiabatic, near, condition in collisions, 
467, 582, 714 

A-factor for reaction rates, 813 

Afterglow, ionic recombination in, 276 

Allowed lines, 2, see also Transitions 

Ambipolar diffusion, 660 
and recombination measurements, 170 
relation with ionic mobility, 661 
space-charge field near shock front due 

to, 170 

Appleton-Hartree magneto-ionic formulae, 
347 

Arcs, as thermal light sources, 192, 193 

Arrhenius equation, 813 

Association reactions, see Chemical reac- 
tions 

Associative detachment, 615 

Aston peak mass analysis, 707 

Atomic units, 378 

Atom-atom interchange, 
Chemical reactions 

Atomic beams, see Beams 

Atomic clock, 11 

Atomic flame, 787 

Attachment of electrons, 206 
coefficients, 213 
cross-sections, 206, (table) 208 


617, see also 
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dissociative, 207 
frequency, 230 
ion pair formation by, 207 
measurement of coefficients, 
avalanche method, 237 
diffusion method, 233 
drift tube (dynamic) method, 235 
drift tube (thermal) method, 229 
electron filter method of Bradbury, 
232 
at high energies, 232 
at low energies, 226 
microwave methods, 226 
steady state method of Townsend, 237 
radiative, 130 
to atoms, 130; to molecules, 133 
emission continua, 134, 199 
relation of cross section to photo- 
detachment cross section, 131 
threshold behaviour, 131 
resonance capture, 207 
swarm, electron, basic relations in, 225 
three-body process, 130, 229 
Autocorrelation function of the light am- 
plitude, 498 
Autoionization, 90, 96 see also Auger 
ionization 
relation with recombination, 258, 259 
Average excitation energy, see Excitation 
energy, average 


B 


Band, see Transitions 
Beams, crossed, 296, 314, 426, 428, 489, 
833 
Beams, ionic charge composition of scatter- 
ed, experimental methods, 729, see 
Detectors 
large angle scattering, 730 
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metastable systems in, 766 
Beams, ionic, charge equilibria of 
calculated from cross sections, 726, 727 
experimental methods, see Detectors 
emergent from solids, 730; surface 
effects, 732 
in gases, 729 
Beer’s law for radiation absorption, 81, 83 
Bethe’s approximation, 412, 623, see Exci- 
tation by electron impact, Stopping 
number 
Blanc’s law for ionic mobility, 659 
Bloch constant, 629 
Born approximation (first), 286, 386, 
550, 581, see Scattering, elastic and 
Excitation 
Born approximation (second), 286, 387, 
594, see Scattering, elastic and Excita- 
tion 
Born-Oppenheimer (exchange) approxima- 
tion, 305,° 386, see Scattering elastic 
and Excitation 
Born-Oppenheimer (molecule) approxima- 
tion, 55 
Bradbury electron filter, 232 
Bradbury-Nielson shutter, 660 
Bragg ionization curve, 635 
Bremsstrahlung, 174, 251, 622, 637 
Broadening, see Line broadening 
Buckingham potential, modified, 647 


Cc 


CB, Coulomb-Born approximation, 388, 
see Excitation 
CBO, Coulomb-Born-Oppenheimer ap- 
proximation, 390, see Excitation 
Capture, electron, see Charge transfer 
Cerenkov radiation, 639 
Charge changing collisions, see also 
Beams, ionic; Charge transfer; Detach- 
ment, collisional; Electron loss, Ioniza- 
tion by impact with atoms, ions or 
nuclei 
isoelectronic projectiles, 770 
measurement, 468, 735, see also Detect- 
ors, Mass analysis 
angular distribution, 477, 742 
approach to charge equilibrium, 468, 
735 
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beam attenuation in transverse field, 
736 
condenser method, 739 
double capture or loss, 740 
initial behaviour of growth curve, 
469, 740 
ion collection, 739 
notation, 696, 723 
Charge changing cycles, 729 
Charge composition and equilibria, see 
Beams, ionic 
Charge transfer, see Beams, ionic and 
Charge changing collisions 
adiabatic region, 714 
effect of Coulomb energy, 715, of 
polarization energy, 716 
dissociative, 715 
dominance of close encounters in high 
velocity limit, 587 
excitation in, 483, 578 
measurements 
Aston peak technique, 707 
cage electrodes, 697; condenser elec- 
trodes, 698 
collision chamber techniques, 697 
mass analysis, 701 
180° mass spectrometer, 702 
metastable systems, 714, 766 
retardation lens system, 704, 705 
secondary electrons, 698 
sources, mass spectrometer, 703, 706 
notation, 696, 723 
quantum theory, 570, 585 
change of translational motion of 
active electron (momentum trans- 
fer), 574 
distortion, 592 
momentum distribution of bound 
electrons, 578 
non-orthogonality effect, 572, 586 
nuclear-nuclear interaction, 572, 574, 
578, 586, 587 
post and prior interactions, 572 
post-prior discrepancy, 578 
pseudo-crossing of potential energy 
surfaces, 611, 617, 716 
in shock waves, 170, 171 
and stopping power, 627, 630 
Charge transfer, resonance, asymmetrical 
(or accidental), 605 
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calculations, 593 
mechanism, 606 
Charge transfer, resonance, symmetrical, 
601, 708 
diatomic molecules, 712 
distortion, absence of, 592, 603 
double, 603, 604, 712 
effect on mobility, 657, 658 
Firsov’s approximation, 708 
comparison with direct measurement, 
709, 710; with mobility data, 712 
dependence of cross section on ioniza- 
tion energy, 711 
double, 712 
negative ions, 710 
mechanism, 601 
negative ions, 617, 618 
perturbed stationary state approxima- 
tion, 602 
calculations, 603, 713 
effect of change of translational 
motion of active electron, 603, 604 
relation of cross section to diffusion 
cross section, 657 
resonance peaks, 745, 759 
Chemical reactions, see also Decomposi- 
tion 
A-factor or frequency factor, 813 
absolute theory of, see transition state 
theory of 
activation energy, 813 
activated complex, 843 
association, 821 
measurement, 830, 837 
theory, 848, 849 
atom exchange (metathetical), 616, 821 
collision theory, 841 
measurement, 821 
polyatomic free radicals, 830 


diffusion flame, 827 
dilute flame, 826 
flash photolysis, 831, 836 
isothermal calorimeter, 829 
life-period, 828 
shock wave, 831 
metathetical, see atom-exchange 
molecularity of, 811 
order of, 808 
potential-energy surface, 843 
energy profile method, 847 
rate constant, 808 
A-factor or frequency factor, 813 
activation energy, 813 
negative, 849, 850 
comparison of theory and experiment 
(tables), 846 
dependence on kinematic factors, 814 
dependence on temperature, 812 
measurement of, 815 
theory of, 838 
units of, 810 
termolecular, 809 
measurement, 830, 837 
theory of, 847, 848 
third bodies, efficiencies of, 821, 831, 
848 
transition state theory, 840, 843, 848 
statistical formulation, 844 
thermodynamic formulation, 847 
stationary state hypothesis, 817 
unimolecular, 808 
measurement, 815, 832 
quasi-, 816, 850 
theory, 838, 840 


Chemiluminescence, 


from association reactions, 837 
infra-red, 834, 835, 837 
visible, 834 


transition state theory, 843 Classical path approximation, 498, see 
vibrationally excited products of, 834, Line broadening in plasmas 
836 Close encounters between charged and 

bimolecular, 808, see also atom exchange neutral systems, rate coefficient for, 618 
collision theory, 838, 841, 847 Clustering, effect on ionic mobility, 654 
half-life of, 811 Coefficient of fractional parentage, 51 
induction period, 817 Collisional detachment, see Detachment 
measurement of rate constants, 815 Collisions, inelastic between atomic sys- 

chemiluminescence, 835 tems, 

competitive halogenation, 829 contrasted with electron-atom colli- 

crossed beam, 833 sions, 550 
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near-adiabatic condition, 467, 582, 714 
resonance effects, 615 
Collisional-radiative decay ionization and 
recombination coefficients, 246, 256, see 
also Recombination 
Collisional recombination, 247, see Re- 
combination 
Collisions between atomic systems, see 
name of process 
condition for being nearly adiabatic, 582, 
714 
resonance effects, 615 
Collision frequency of electrons, 293, 324, 
364 
Collision number, gas kinetic, 784 
in the lower D-region of the ionosphere, 
365 
Collision probability coefficient, 292, see 
Scattering, elastic, of electrons 
Complex, intermolecular, 800, 803 
activated, 843 
Conductivity, 
complex, 294 
high frequency, 347 
Coordinates, laboratory, and relative, 677 
Correlation approximation, 308 
Correlation electron, effect on line shape, 
509 
Coulomb approximation, 51 
Coulomb-Born approximations, 388 
Coulomb-Born-Oppenheimer approxima- 
tion, 390 
Coulomb cut-off, 526, see Line broadening, 
pressure, general theory 
Coulomb parameter, 526 
Cross diffusion of drifting electrons, 348 
Crossed beams, 426, 428, 692, 833 
Crossover, see Pseudo crossing of potential 
energy curves 
Cross sections, see under name of process 
differential, 281, 379, 667 
in terms of scattering amplitude, 282 
equivalent collision, 338 
impact parameter formulation, 
581, 675 
momentum transfer, 293, 644 
stopping, 624 
total (true), 281, 284, 379; (so-called), 
667 
Cross section (optical) theorem, 284, 517 


375, 
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Crystals, see Transitions, forbidden in, 

Currents of particles, measurements of, 
see Detectors 

Cut-offs, see Line broadening 


D 


Deactivation, see Relaxation in gases 
conversion of electronic energy into 
translational or vibrational energy, 618 
by electron impact, rate coefficient, 262 
of nightglow, 617 
of metastable atoms in discharge, 659 
Debye cut-off, 510, see Line broadening, 
pressure, general theory 
Debye field, 536 
Debye length, 509 
Debye shielding, effect on shape of wings, 
534 
Decay, collisional-radiative coefficient, 246, 
256 
Decomposition, 
by flash photolysis, 831, 836, 837 
quasi-unimolecular, 816, 850 
stationary state hypothesis for, 817 
thermal, by shock waves, 831, 832 
Deflection angle, relation with impact 
parameter, 340 
Delayed coincidence method, 66, 67, 73, 
see Transitions, allowed 
Detachment, see also Electron loss, Photo- 
detachment 
associative, 615 
collisional, 569, 696, 717 
double, 718 
energy, vertical, 125 
Detectors, 
beams of charged particles, 673, 700, 733 
beams of neutral particles, 65, 671, 674, 
700, 733 
beams of photons, 65, 68, 82, 83, 112, 198 
ionization, 84, 109, 110 
metastable atoms, 440, 453, 714 
particle counting, 734 
radiation, 437 
delayed coincidence, 66 
scattered electrons, 440, secondary elec- 
trons, 732 
Dielectronic recombination, 259, see Re- 
combination 
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Differential cress section, see Cross sec- 
tion 
Diffusion, of charged particles, see also 
Electrons and ions, slow motion in 
gases 
ambipolar, 660 
in recombination studies, 266, 268 
in a shock wave, 170 
transition to free, 661 
coefficient, 336, 337, 344 
relation to equivalent mean free path, 
345; to mobility, 644 
ion in its parent gas, 657 
effect of magnetic field, 345 
cross, 348 
velocity, equivalent convective, 344 
Diffusion, of neutral particles, 643 
calculations of, 647 
coefficient, 644 
in a binary mixture, 644 
correction factor &, 644, 648 
of excited atoms, 649, 650 
in multicomponent mixtures, 648 
relation with diffusion cross section, 
644 
temperature dependence of, 646 
cross section, 644 
formula for, 645 
experimental data, 649 
in gaseous mixtures, 647, 648, 649 
at low temperatures, 651 
of metastable atoms, 650 
quantal effects, 650, 651 
rigid sphere model, 646 
self-, 650 
symmetry effects, 650, 651 
Diffusion, radiative, 178 
Dipole acceleration, velocity and length 
matrix elements, 50 
Dipole transitions, see Transitions 
Direct scattering of electrons, 297 
Dispersion, 
relation for line width and shift, 522 
ultrasonic zone, 784 
Dissociation, see Decomposition 
Dissociative attachment (resonance cap- 
ture), 207 
Dissociative charge transfer, 715 
Dissociative recombination, 262, see Re- 
combination 


891 


Distorted wave theory of relaxation, 790, 
792 
Distortion approximation, 301, 588 
Distortion-polarization approximation, 301 
Doppler line broadening, 495 
Doubled atom, 506 
Drift speed, 336, 337, see also Electrons 
and ions, slow motion in gases 
in alternating electric field with constant 
magnetic field, 346 
relation to equivalent mean free path, 
343; to energy factor (experimental), 
365 
measurement, 235, 295, 355 
use of electrical shutter, 355 
magnetic deflection method, 357 
results, 360, 361 
Drift tube, study of attachment in, 229, 
235 
Druyvesteyn distribution, 352 


E 


Ehrenfest’s adiabatic principle, 792 
Eigenphase (phase shift), 283, see Scattering 
Einstein A-coefficient, 48, 49, see Transi- 
tions 
Elastic collision, 281, see Scattering 
Electric dipole and quadrupole transi- 
tions, see Transitions 
Electron affinity of atoms, 135 
Electrons and ions, slow motion in gases, 
see also Diffusion and Drift speed 
collision cross section, equivalent, 338, 
343, 360 
dependence on mean speed of elec- 
trons, 362, 363 
collision frequency, 364 
in lower D-region of ionosphere, 365 
continuity equation, 347 
distribution function, 338, 349 
Druyvesteyn distribution, 352 
Maxwell distribution, 338, 352 
effective temperature, 336 
energy loss 
comparison of calculated and measured 
rates, 370 
in elastic encounters, 349, 365, 369, 
370 
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in inelastic encounters, 366, 369, 370 
total rate of, 369, 370 
equipartition of energy, 357 
mean free path equivalent, 338, 343 
mean speeds, 351 
ratio E/p (electric field to gas pressure), 
337 
ratio W/D (drift speed to diffusion coeffi- 
cient), 336 
measurement, 351 
relation to equivalent mean free path, 
351; to Townsend energy factor, 
337, 351 
Townsend energy factor, 337, 358 
relation between true and experimen- 
tal, 352 
values, 359 
Electron attachment, see Attachment 
Electron avalanche, 212, 214 
Electron capture, see Charge transfer 
Electron drift, see Drift 
Electror. exchange, see also Excitation by 
impact with electrons and Scattering, 
elastic, of electrons 
effect on diffusion, 650 
Electronic transition moment, 58 
Electron loss collisions, 567, 568, 569, see 
also Charge changing collisions 
by ion collection, 739 
Energy loss of heavy charged particles, 
623, see also Range and Stopping 
number 
average excitation energy, 625 
Bethe’s theory, 623 
calculations: comparison with Born, 
626; with experiment, 627 
inner shell corrections, 628 
bremsstrahlung, 623 
contributing processes, 630, 631 
density effect, 630 
nuclear scattering, 632 
stopping power, 624 
independence of mass of incident 
particle, 626 
Energy loss from fast electrons, 637, see 
also Range and Stopping number 
Bethe’s theory, 637, 638 
bremsstrahlung, 622, 637 
density effect, 638 
relation with Cerenkov radiation, 639 
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radiative, 637 
relativistic effects, 638 
Energy loss from thermal electrons, see 
Electrons and ions, slow motion in gases 
Energy transfer, see Relaxation and Deac- 
tivation 
Exchange (Born-Oppenheimer) approxi- 
mation, 305, 386 
Exchange-correlation approximation, 309 
Exchange distorted wave approximation, 
386 
Excitation with charge transfer, 483, 578 
Excitation energy, average, 53, 625 
relation with Bloch constant, 629 
relation with stopping number, 625 
representative values (table), 625 
Excitation by incident atoms or ions, see 
also Excitation by incident nuclei 
calculations using first Born approxima- 
tion, 562 
asymptotic formulae, 561, 562, 563 
double-transitions, 560 
importance relative to single transi- 
tions, 563, 564, 565 
simplified methods of treating, 566 
effect of Coulomb repulsion between 
charged systems, 554, 588 
measurements, 485 
slow collisions, 597, 611, 614 
Excitation by incident electrons 
approximate estimates of cross sections, 
414 
classical theory, 375 
comparison of calculated and measured 
cross sections, 403, 445, 451 
measurements, 436, see also Detectors 
angular, distribution of radiation, 444 
cascade, 407 
chemically active atoms, 442 
electron exchange collisions, 457 
highly ionized species, 164, 490 
inhomogeneous magnetic field analysis, 
465 
to metastable levels, 446, 452 
molecules, 455 
optical absorption technique, 458 
optical pumping, 460 
quenching, electrostatic, 446, magnetic, 
preferential, 462 
polarization of impact radiation, 393 


GENERAL 


quantum theory, 378 
amplitudes for direct and exchange 
scattering, 379 
Bethe approximation, 412, 415 
Born-Oppenheimer (exchange) ap- 
proximation, 386 
complex atoms, 393 
conservation condition, 395, 400 
Coulomb-Born approximation, 388 
Coulomb-Born-Oppenheimer appro- 
ximation, 390 
distorted wave approximation, 386 
exchange distorted wave approxima- 
tion, 386, 399 
expansion of wave function, 382 
first Born approximation, 386, 399 
matrix, scattering, 395; transmission, 
396; reactance, 397 
partial wave theory, 394 
positive ions, 387 
second Born approximation, 387 
spin coupling, 381 
spin variables, 380 
transitions, optically allowed, 402, 
412; quadrupole moment, 403 
variational principles, 398 
weak coupling approximations, 399 
threshold laws, 376, 384, 401, 417, 454 
reciprocity relations, 398 
Excitation by incident nuclei 
back-coupling, 593, 595 
coupling between space-degerate states, 
593 
distortion approximation, 588, 592, 596 
comparison with first Born approxima- 
tion, 590 
effect of Coulomb repulsion between 
charged systems, 554, 588 
first Born approximation, 550, 565 
asymptotic formulae, 553 
dependence of excitation probability 
on impact parameter, 583 
relation between proton-atom and 
electron-atom cross sections, 551 
unacceptable probabilities, 584 
measurements, 483 
polarization effect, 596 
second Born approximation, 594 
scaling laws, 553, 588 
simultaneous ionization, 558 
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comparison with single excitation or 
ionization, 559 
slow collisions, 597, 611, 614 
Excitation transfer, 616, 617, 618, 650 


F 


Faraday cup detectors of ionic and atomic 
beams, 732 
Fission fragments, 
charge changing cross-sections for, 777 ° 
charge equilibria of, 779 
energy loss and straggling due to nuclear 
scattering, 632, 635 
Flash photolysis, 787, 831, 836, 837 
f-numbers or values, see Oscillator strengths 
Forced electric dipole radiation, see Transi- 
tions, forbidden 
Frank-Condon factors, 55, 58 
Free-bound radiationless transitions, re- 
combination by, 258 
Frequency factor, for reaction rates, 813 


G 


Gas kinetic collision number, 784 
Gaunt g factor, see Kramers-Gaunt g 
factor 


H 


Herzberg-Teller theory, 34 

H6nl-London factors, 55, 56 

Hook method for measurement of oscillator 
strengths, 66 

Hund’s coupling cases, 20 

Hydromagnetic implosion in a conical 
pinch, 157 

Hyperfine structure, 9 
transitions between components of level, 

10, 41 


I 


Impact approximation, 502, 504 see Line 
broadening 
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Impact parameter, 580, 675, see Debye 
cut-off 
relation with deflection angle, 340 
Impact parameter treatment, 
charge transfer, 585 
classical elastic scattering, 675 
collisional excitation and ionization of 
atoms, 580 
equivalence with wave treatment, 581 
slow collisions between atomic systems, 
597 
Impact tube, 786 
Implosion 
hydromagnetic, 157 
time, 168, 169 
Induction period of chemical reaction, 
817 
Inner shell ionization, 556 
Intercombination transitions, 3, see Transi- 
tions 
Interionic Stark fields, 15 
Intermolecular complex, 800, 803 
Intermolecular forces, 681, (table), 688 
calculation of, see Scattering, elastic, 
of beams, of atoms, molecules and 
ions at high energies 
Ion-atom interchange, 264 
Ion, 
atomic, elastic scattering of electrons by, 
325, 326 
correlation, 536 
density measurements, 494 
density of, relation with dielectric 
properties of a plasma, 276 
negative, see Negative ion 
pair formation, by electron impact, 207 
mean energy of, 641 
rate coefficient, 213 
Ionic beams, see Beams 
Ionization, 
associative, 615 
Auger, 433, 479 see also autoionization 
secondary, 635 
by shock wave, 173 
simultaneous excitation and, 558 
Townsend’s current growth equation, 
212, 213 
transfer, 696 
Ionization by beam of charged particles, 
Bragg curve, 635 
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fluctuations of number of ions produced, 
637 
mean energy loss per ion pair, 635 
secondary, 635 
Ionization coefficients, 
collisional-radiative, 256 
Townsend’s primary, 211; secondary, 
212 
in atomic and molecular gases (table), 
216 
in attaching molecular gases, 224 
in non-attaching molecular gases, 221 
measurement 
electron avalanche method, 214 
steady state method of Townsend, 
212 
Ionization, density determination, see also 
Detectors 
micro wave method, 265 
from Stark broadening, 199, 269 
radio-frequency 
probing technique, 276 
Ionization by incident atoms, ions or 
nuclei, see also Charge changing colli- 
sions and Electron loss 
comparison of electron impact and proton 
impact, 482, 551 
effect of Coulomb repulsion between 
charged systems, 554 
first Born approximation, 550 
calculations: incident atoms or ions, 
567, 568, 569; 
incident nuclei, 555, 556; comparison 
with experiment, 481 
ejected electrons, 
angular distribution, 571 
energy distribution, 479, 556, 570 
wave function, 557 
inner shell, 557 
intersecting potential energy surfaces, 614 
mean energy loss per ion pair, 635 
measurements, 468, 487 
electron energy spectra, 479 
energy and direction of motion of 
secondary ions, 478 
identification of processes, 475 
neutral beam, production of, 487 
parallel magnetic and electric fields, 
use of 474, 480 
secondary electrons, 472, 473, 474 
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slow ion analysis, 472, 478 
semi-empirical theories, 567 
with simultaneous excitation of target, 
558 
comparison with simple excitation or 
ionization, 559 
with simultaneous excitation or ionization 
of projectile, 567 
in slow encounters, 613 
Ionization by incident electrons, 
approximate estimates of cross section, 
378, 416 
Coulomb-Born approximation, 416 
classical theory, 375 
effective g factor, 416 
ion stripping, 378 
mean energy per ion pair, 640 
measurement 
chemically active atoms, 433 
derivative of cross section curve, 425 
energy resolution techniques, 423 
ion stripping, 164, 488 
modulated crossed beam techniques, 
426 
molecules, 436 
multiple, 431 
studies near threshold, 429 
quantum theory, 390 
relation with photoionization cross sec- 
tion, 414 
screening in final state, 391 
threshold law, 391, 429 
Ionosphere, 
collisional frequency of electrons, 365 
energy loss from radio waves, 371 
recombination, 264 


J 


Jeffreys’ approximation, 60, 645 


K 


Kramers-Gaunt g factor, 86, 414, 529, 
$23 
asymptotic expansion of, 247 
effective, for ionization of atoms and 


ions (table), 416 
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effective, for excitation of atoms, 416, 
ions (table), 417 


L 


Lamb shift, 53 
Lambert’s law for radiation absorption, 
81, 83 
Landau-Zener formula, 610, 618 
charge transfer, 619, 716 
defects of, 611 
ionic recombination, 276, 619 
Langevin’s formula for ionic mobility, 652, 
654 
Langevin’s theory of ionic recombination, 
273 
Lennard-Jones potential, 647 
Lifetimes, radiative, 48, see Transitions 
Lines, see Transitions 
Line, broadening; its causes with defini- 
tions of natural, Doppler, pressure 
(collision and Stark), 195, 495, 496 
Line, broadening; pressure, general theory 
autocorrelation function of light ampli- 
tude, 498 
calculations, references to most complete, 
545 
classical path perturbers, 498 
validity of, 494, 499, 517, 523, 526 
impact approximation, 502, 504 
adiabatic theory, 504, 511 
corrections to, 529 
cut-offs, upper and lower, in integra- 
tion over impact parameter: Debye 
510, 522, 523, and 525; Coulomb, 
526, 527, 528; strong collision, 
523, 527; Vainshtein-Sobel’man, 
522 
dispersion relation, 522 
doubled atom, 506, 511 
distinction from Born, 505 
effective perturbation, 505; near de- 
generacy, 526 
electron correlation, 509 
interaction in lower state, 505 
Lorentz fast collision theory and 
autocorrelation function, 502, 511 
overlapping lines, 505 
overlap with one electron approxima- 
tion, 533 
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strong collisions, 518 
validity of, 503, 507, 529 
one-electron approximation, 530 
overlap with impact approximation, 
533 
quasi-static (or statistical) approxima- 
tion, 502 
ion correlation, 536 
Stark effect, 504 
validity of, 503, 536 
quantal perturbers, 512 


analogy with classical expressions, 
517 
relative importance of electrons and 
ions, 496 
Line, broadening, pressure: profile or 
shape 


comparison of calculations and measure- 
ments, 539, 540, 541, 542, 544, 545, 
546 
impact approximation, 510 
Lorentz shape, 502, 510 
photoelectric and photographic measure- 
ments, 198 
shape function, 195, 196 
spherically symmetric case, 512 
wings, 530 
Debye shielding, 534 
Line, broadening, pressure: width and shift 
comparison of calculations and meas- 
urements, 197 
dispersion relations, 522 
Lorentz expressions, 511 
phase shift integral, 511 
in terms of scattering amplitude, 517 
in weak collisions, 521, 523 
Line broadening: pressure (electron), 
applications of impact approximation to 
lines of hydrogen atoms, 524; hydrogenic 
ions, 529; non-hydrogenic atoms, 519; 
non-hydrogenic ions, 526. 
Line reversal method of temperature 
measurement, 182, 192 
Lorentz force on an ion in a magnetic 
field, 345 
Lorentz impact theory and autocorrelation 
function, 502 
Lorentz line shape, 502, 510 
LTE, local thermodynamic equilibrium, 
172 
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M 


Magnetic dipole transitions, see Transi- 
tions 
Magnetic quenching, 462, 463 
Magneto-hydrodynamic equations, 
168, 169 
Mass analysis, 423, 472, 477, 701, 729 
Aston peak technique, 707 
use of decelerating field, 704 
180 degree mass spectrometer, 702, 706 
experiments, essentials of, 701 
at low energies, 701 
mass-charge ratio, apparent, 707 
Nier mass-spectrometer source, 703 
Matrix, 
reactance, 397 
scattering, 395, 397, 400 
transmission, 396 
Maxwell distribution, 338, 349, 352 
Mean free path, equivalent, 343 
Meson mu, range, 633 
Metastable atoms and ions, 
detector, 440, 453 
diffusion of, in gases, 650, 651 
unwanted, 435, 714, 766 
Metathetical reaction, see Chemical reac- 
tion 
Microwave measurements, 
of attachment, 226 
of collisional probability coefficient, 
294, 320, 321 
of fine and hyperfine structure, 8 
of precursor electron density, 177 
of recombination coefficient, 265, 268 
Milne’s formula, 80, 252 
Mobility, ionic, (definition), 644 
Blanc’s law, 659 
calculations of, 654 
and charge transfer, 657, 658 
clustering effect, 654 
in gas mixtures, 659 
at high field strengths, 656 
Langevin formula for, 652, 654 
at low field strengths, 651 
at low temperatures, 652 
measurement of, 186, 659 
Bradbury-Nielson shutter 
660 
four-gauge method, 660 


164, 


method, 
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from ion diffusion, 660 
in parent gas, 656, 658 
relation with ambipolar diffusion coeffi- 
cient, 661 
relation with diffusion, 651 
in unlike gases (table), 653 
variation with temperature, 652, 657 
Molecularity of a chemical reaction, 811 
Molecules with two vibrational modes, 
energy transfer in, 796 
Momentum transfer, 
to active electron, effect of in charge 
transfer collisions, 574 
cross section, 293, 644 
microwave measurements of, 194 
Morse potential and wave function, 58, 60 
Multiple scattering, effect on range, 634, 
639, 640 


N 


Nebulae, planetary, Balmer decrements, 
251 

Negative ions, 101, see also Photodetach- 
ment, Recombination, ionic 
absorption spectrum of, 102 
collisional detachment processes, 615, 

717 

detachment (binding) energy, 101, 136 
doubly excited states of, 103 
excited states of, 102 
formation processes, 130, 207 
metastable, 102 
molecular, 125 

Nightglow, deactivation, 617 

Nuclear perturbation of forbidden lines, 
15 

Nuclear scattering, energy 
straggling due to, 632, 635 


loss and 


Oo 


Opacity calculations, 494 

for non-hydrogenic ions, 527 
Optical pumping, 460 
Optical (cross section) theorem, 284, 517 
Orbitals, polarized, 311, 312, 315, 323 
Oscillator strength, 48, see Transitions 
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continuity condition at spectral head, 52 
effective, of band system, 69 
generalized (Bethe), 561, 624 
photoionization, relation with recom- 

bination, 260 
sum rules 

application, 54 

atoms, 52, 625 

and H- photodetachment cross sec- 

tion, 117 
molecules, 63 


P 


Partial wave method of collision theory, 
282, 394 
Permitted lines, 2, see also Transitions 
Perturbed atom, spectrum of, 496 
Perturbed rotating atom approximation 
(pra), 598 
Perturbed stationary state approximation 
(pss), 
for atom-atom collisions, 597 
for charge transfer, 601 
Perturbers, 495, see Line broadening 
Phase shift, 283, see also Scattering 
(first) Born approximation, 286 
integral equation, 285 
Jeffreys’ approximation for, 645 
and scattering length, 287 
and spectral lines, 511 
variational methods, 288-291 
Photodetachment, 100 
cross section, 
atoms, 103 
diatomic molecules, 106, 125 
relation to radiative attachment cross 
section, 131 
experimental methods, 106 
spectrum, 127, 128 
threshold laws, atomic, 104; diatomic, 
106 
Photoelectric and photographic photome- 
try, 68, 83, 198 
Photoionization, 79 
analysis of products, 85 
calculations, 85 
difficulties in, 79, 88 
central field approximation, 86 
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Coulomb approximation, 89 
effect of passive electrons, 87 
polarizability correction to, 88, 92, 
96 
quantum defect method, 89 
cross sections, 80 
of atoms, (table) 91, (figure) 94 
of molecules, (table) 93, (figure) 95 
relation with electron impact ioniza- 
tion, 414 
threshold energy dependence of, 90, 
105 
of hydrogen-like systems, 86 
experimental methods, 80 
chemically active vapours, 83 
measurement of absorption coeffi- 
cient, 81; ionization current, 84; 
of recombination spectrum, 84. 
Kramers’ formula for, 86 
of negative ions, see Photodetachment 
oscillator strength, relation with recom- 
bination coefficient, 260 
in shock tubes, 174 
Photolysis, 
flash, 787, 831, 836, 837 
sensitized, 824 
Pinch effect, 164, 169 
Plasmas, see also Line broadening, Re- 
combination, Shock waves 
ambipolar diffusion, 660 
Debye length, 522 
microwave studies, 265, 294 
shock heated, 157 
attachment continuum measurements 
in, 199 
continuum intensity of, 189 
line profile and width measurements, 
195 
line radiation of, 189 
oscillator strength measurements in, 
192 
spectroscopic analysis, 188 
as thermal light sources, 187 
waves, 170 
Plasma frequency, 522 
Polarization, 
approximation in scattering theory, 300 
fraction, 393 
effect of fine and hyperfine structure 
on, 394 
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of impact radiation, 393 
and second Born approximation, 300, 
596 
Polarized orbitals, 311, 315, 323 
Polyatomic molecules, Herzberg-Teller 
theory for, 34 
Positrons, elastic scattering of, 309, 322 
Potential energy surface of a chemical 
reaction, 843 
pra, see Perturbed rotating atom approxi- 
mation 
Precursor electrons, 176 
density, micro wave measurements of, 
177 
Precursor radiation, 
influence on equilibrium conditions in a 
shock wave, 175, [86 
influence on the formation of equilibrium 
in a shock wave, 149, 173 
in high energy plasmas, 164 
pre-excitation and ionization by, 162 
pre-heating due to, 145, 147 
production of photoelectrons by, 173 
and shock structure, 170 
Pre-excitation modifications of the Ran- 
kine-Huginot equations, 173, 178 
Pre-excitation and pre-ionization by pre- 
cursor radiation, 162 
Probability coefficient of collision, 292, 
see Scattering, elastic, of electrons 
Pseudo-crossing of potential energy sur- 
faces, 608 
charge transfer through, 611, 619, 716 
ionic recombination through, 276, 611, 
619 
Landau-Zener formula for transition 
probability at, 610, 618 
pss, see Perturbed stationary state ap- 
proximation 


Q 


Quadrupole transitions, see Transitions, 
forbidden 
Quantum defect method, 190, 325 
Quasi-static approximation, 502, 504, 536 
Quenching of radiation, 617, 618, 824 
electrostatic, 446 
magnetic, preferential, 462 
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R 


Radiative diffusion, 178 
Radiative energy loss of electrons, 637 
Radiation, see also Absorption, Transitions 
bremmstrahlung, 174, 251, 622, 626, 
637 
Cerenkov, 639 
energy loss in shock waves, 171, 187 
Range of electrons, 639 
multiple scattering, 639, 640 
straggling, 639, 640 
Range of charged particles, 632, 
multiple scattering, 634 
nuclear scattering, 635 
range-energy relations for 
particles, 633 
straggling, 633, 635 
Rankine-Huginot relations, 144, see Shock 
waves 
applicability to conventional shock tubes, 
148, 186 
experimental verification of, 149, 179 
pre-excitation modifications of, 173, 178 
wall effects, 185 
r-centroid approximation, 58, 69 
calculation of arrays, 61 
Reactance matrix, 397 
Reaction, chemical, see Chemical reaction 
Recombination, atomic, 831, see also 
Chemical reaction 
Recombination of electrons 
coefficient, 246 
collisional, 247 
collisional-radiative, 245, 253, 268, 269 
conditions for validity of statistical 
treatment, 254 
dependence on electron density and 
temperature, 256 
multiply charged ions, scaling laws, 
256 
singly charged ions, 256, (table) 257 
collisional stabilization, 261 
dielectronic, 259 
comparison with radiative, 261 
dissociative, 262, 266 
dependence on temperature, 264 
width of emission lines, 267 
free-bound radiationless transitions, 258 
in high current spark channels, 269 


different 
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in interrupted arcs, 268 
in the ionosphere, 264 
micro wave studies, 265, 268 
sources of error, 266 
in plasmas 
low density, 247, 265 
moderate and high density, 178, 253, 
268 
radiative, 246 
comparison with dielectronic, 261 | 
complex ions, 251, (table) 252 
hydrogenic ions, 247, (table) 250 
measurement, 269 
partial coefficients, 248 
relation with photoionization cross 
section, 252 
spectrum, 250 
temperature dependence, 248 
three body, 247 
Recombination, ionic 
coefficient, 272 
three-body 
measurements, 274 
Langevin’s and Thomson’s theory, 
273 
unified theory, 274 
two-body, 
Landau-Zener formula, 276, 611, 619 
measurements, 276 
temperature dependence, 277 
Relativistic energy loss of charged par- 
ticles, 638 
Relativistic stopping power, 638 
Relaxation in gases, 783 
double, 796, 804 
effect on the specific heat of a shock 
wave, 786 
effect on the transport properties of 
gases, 789 
nature of, 783 
relation with ultrasonic dispersion and 
absorption, 784 
rotational, 790 
distorted wave theory, 790 
effect of dipole moment, 791 
spherical tap molecules, 791 
S.S.H. (Schwartz-Slawsky-Herzfield) 
method, 792, 796, 798, 800, 802 
time, 784 
measurement of, 785 
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relation with the gas kinetic collision 
number, 784 
of torsional oscillations, 797 
vibrational, in gas mixtures, 801 
double relaxation, 804 
intermolecular complex, 803 
S.S.H. method, 802 
temperature dependence of, 802 
vibrational-vibrational transfer, 803 
vibrational, in liquids, 801 
vibrational, in pure diatomic gases, 792 
quantal theory, 792 
relaxation times, 793, (table) 794 
vibrational, in pure polyatomic gases, 
795 
importance of H atoms, 798 
intermolecular complex, 800 
for molecules with two vibration 
modes, 796 
S.S.H. method, 796, 800 
temperature dependence, 800 
Relaxation in plasmas, 142 
impurities, effect of, 154 
ion-ion, 149 
ionization, 154, 185 
LTE, 174, 188 
processes in conventional shock tubes, 
175 
translational, 162 
zone, 157 
Resonance capture (dissociative attach- 
ment), 207 
Retarded potential difference technique, 
423 
Retardation lens, 704 
R-matrix, reactance matrix, 397 
Rotational line intercept method, 68, 71 
Rotational motion of diatomic molecules, 
20 
Rotation-vibration spectra, 27 
electric dipole, 31 
electric quadrupole, 29, 41 
RPD, retarded potential difference tech- 
nique, 423 


s 


Saha’s equation, 190, 255 
Scattering amplitude, 281 
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Scattering, elastic, of beams, of atoms, 
molecules and ions at high energies, 
663 
application to the determination of inter- 

molecular forces, 663 

comparison with other data, 691 

necessity for some a priori knowledge 
of forces, 676, 685 

results, 687, (tables) 688, 689, 690 

classical theory, 667, 675, 

coordinates, relative and laboratory, 
677 

differential cross sections, 667 

distance of closest approach, 676 

exponential potential, 679 

impact parameter treatment, 675 

inverse power potential, 678 

quantum correction, 668, 687 

scattering angle, variation with im- 
pact parameter, 677 

small angle approximation, 678 

total, so-called, scattering cross sec- 
tion, 667 

measurement, 668 

Amdur’s neutral beam apparatus, 671 

angular distribution, 666 

beam width correction to obtain the 
average cross sections, 682, 683 

Berry’s neutral beam apparatus, 673 

effect of apparatus geometry, 669 

idealized experiment, 670 

Simon’s ion beam apparatus, 672 

Scattering, elastic, of electrons, 
by atomic ions, 325 
comparison of calculated and measured 

cross sections, 314 
by complex atoms, 316 
inert, 321 
by hydrogen atoms, 297 
by molecules, 326 
orientation effect, 329 
by potential field, 281 
spherically symmetrical, 282 
mean energy loss, 293, 352, 365 
measurements, 186, 292, 460 
absorption of beam, 292 
broadening of beam, 314 
conductivity, 314 
crossed beams, 296 
drift velocity, 295 
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microwave conductivity, 294 
optical pumping, 460, 462 
quantum theory, 
convergence of Born series, 286 
correlation approximation, 308 
cross section (optical) theorem, 284, 
517 
differential cross section, 281 
direct scattering, 297 
distortion, 300; distortion approxi- 
mation, 301 
distortion-polarization 
tion, 301 
effective range, 287 
exchange Born-Oppenheimer approxi- 
mation, 305 
exchange-correlation 
309 
exchange scattering, 304 
first Born approximation, 285, 
integral equation, 284 
intermediate states, 300 
partial wave analysis, 282 
phase shifts, 283, 285 
polarization, 300; polarization ap- 
proximation, 301 
polarized orbitals, 311 
quantum defect, 325 
scattering amplitude, 281, 284, 285 
scattering length, 287, 290, 291 
second Born approximation, 286, 300 
static field approximation, 302 
third order approximation, 301 
total cross section, 281 
upper bound to scattering length, 
291 
variational methods, 288 
Scattering, elastic of positrons, 309 
in inert gases, 322 
Scattering, elastic of slow ions, 336 
mean energy loss, 349 
Scattering, inelastic, see Excitation and 
Ionization 
Scattering length, 287, 290 
upper bound to, 291 
Scattering matrix, 395, 397, 400 
Scattering, multiple, 634, 639, 640 
Scattering, nuclear, 632, 635 
Shape function (of line), 195 see Line 
broadening 


approxima- 


approximation, 


299 
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S-matrix, scattering matrix, 395, 397, 400 
Snowplow model, 164, 165, 168 
Solar corona, 
forbidden lines in, 40 
ionization by electron impact in, 378 
Solutions, spectra of, 39 
Sound waves, theory of, 784 
Spectrophone, 788 
Spin-change collisions, 607 
Spin coupling, 381 
Spin-orbit interaction, 
in atoms, 52 
in diatomic molecules, 20, 22, 29 
in polyatomic molecules, 32, 36 
Spin-other-orbit interaction, 12 
Spin-spin interaction, 12 
Spin variable, 380 
Spontaneous emission transition probabil- 
ity, 5 
S.S.H. (Schwartz-Slawsky-Herzfeld) meth- 
od, 792, see Relaxation 
Stark broadening, see Line broadening 
Stark fields, interionic, 15 
Static field approximation, 302, see Scatter- 
ing, elastic, of electrons 
Stationary state theory for reaction rates, 
817 
Stellar spectra, forbidden lines in, 41 
Selection rules, 1 
for atoms, 3, 4 
for diatomic molecules, 19, 23 
Self-diffusion coefficient, 650 
Shock tubes, 142, see Shock waves 
conical pinch, 157, 163 
conventional, 150 
atom recombination studies, 831 
density and pressure measurements, 
179 
Rankine-Huginot relations in, 
179, 186 
temperature measurements, 182 
electrical (magnetic), 155 
explosively driven, 155 
high temperature, 162, 164 
magnetic annular, 160 
T-tubes, 156 
as thermal light sources, 187 
walls, 162 
Shock waves, 142, see also Plasmas, Precur- 
sor electrons, Precursor radiation, Ran- 


148, 
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kine-Huginot relations, Shock tubes 
ambipolar diffusion in, 170 
artificial viscosity, 169 
blast wave, 157, 159 
charge transfer collisions, 170, 171 
density measurements, 179 
electrical conductivity, 185 
electron density, 181 
equilibration, 172 
excitation energies, 144 
high energy cylindrical, 162 
magnetic acceleration, 164 
hydrodynamic considerations, 143 
conservation equations, 144 
enthalpy equation, 144 
strong shock approximation, 145 
ion and electron heating, 170 
ionization, 170, 173 
implosion time, 168 
pinch effect, 164 
pressure measurements, 179 
radiation cooling, 171, 187 
snowplow model, 165 
scaling laws, 168 
temperature measurements, 182 
thickness, 161, 162 
Stationary state hypothesis, 817 
Stopping cross section, 624 
Stopping number, see also Energy loss 
from heavy charged particles and 
Energy loss from fast electrons 
Bethe’s theory, 623, 627, 637 
inner shell corrections, 628 
compounds, 629 
relation with average excitation energy, 
626; with stopping power, 625 
at relativistic velocities, 629, 638 
Stopping power, 624, see Stopping num- 
ber 
Straggling, 633, 639, 640 
Stripping, 696 
Sum rules, 
in band system, 57 
generalized oscillator strength, 561, 624 
line strength, 51 
oscillator strength 
atoms, 52, 625 
and H- photodetachment cross sec- 
tion, 117 
molecules, 3 
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Thomas-Kuhm sum rule, 53, 625 
Thomson theory for ionic recombination, 
273 
Townsend energy factor, 358 
Townsend’s coefficients for ionization, 211, 
212 
Townsend’s current growth equation, 212, 
213 
Transfer, see Charge transfer, Excitation 
transfer, and Momentum transfer 
Transitions, 
absorption coefficient, absorption cross 
section, f-value or number, Einstein 
A coefficient, integrated absorption 
coefficient, lifetime, line strength, 
oscillator strength, spontaneous tran- 
sition probability and relations be- 
tween, 48, 49 
electric dipole, 3 
electric quadrupole, 3 
intercombination, 3 
magnetic dipole, 3 
multipole, 3 
selection rules, 1 
atoms, 3, 4 
diatomic molecules, 19, 23 
terminology, 2 
two quantum, 18 
vibronic, 32 
Transitions, allowed, in atoms 
measurements, 64 
emission intensities, 65 
life: direct determination, 66; delayed 
coincidence method, 66, 67; hyper- 
fine levels, 68. 
oscillator strength: hook method, 66; 
from integrated absorption coeffi- 
cients in atomic beams, 65; in 
furnaces 64; hook method, 66. 
quantum theory, 50 
configuration interaction, 52 
Coulomb approximation, 51, 67 
dipole acceleration, length and velocity 
matrix elements, 50 
fractional parentage coefficients, 51 
Hartree-Fock approximation, 51 
ions approximation for, 52 
Racah coefficients, 51 
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references to results, 54 
relative line and multiple strengths, 
51 
relation of oscillator strengths to 
other atomic properties, 53 
selection rules, 4 
sum rules, 52 
Transitions, allowed, in molecules 
measurements 
band strengths, 68, 71 
effective oscillator strength of band 
system, 69, 70 
emission intensities, 68, 70, 71 
life: delayed coincidence method, 73; 
(table) 73 
oscillator strengths of individual bands, 
69, 70, 73, 193 
overlapping bands, 68, 71 
photoelectric photometry, 68 
quantum theory, 54 
band strength, 56 
electronic transition moment, 58; 
absolute calculations, 61 
Franck-Condon factors, 55, 56, 60 
Hodnl-London factors, 55, 56 
intensity in terms of line strength, 56 
oscillator strength, 56, 61; inaccuracies 
in approximate calculations 
r-centroids, 58, 60 
selection rules, 19 
sum rules, 57, 63 
vibrational transition probability, 56 
vibrational intensities, 59 
Transitions, forbidden, in atoms, 3 
astrophysical sources, 2, 11, 40 
between fine and hyperfine structure 
levels, 8, 10 
between Zeeman components, 10 
calculated transition probabilities, biblio- 
graphy of results, 13 
configuration interaction, 7 
electric quadrupole, 3 
selection rules, 4 
quantal formulae, 6 
forced electric dipole, 15 
laboratory observations, 8 
magnetic dipole, 3 
selection rules, 4 
quantal formulae, 5, 14 
nuclear perturbations, 15 
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Racah methods, 6 
two-quantum processes, 18 
Transitions, forbidden, in crystals, 37 
electric quadrupole, 39 
forced electric dipole, 38 
magnetic dipole, 39 
oscillator strengths, 38, 39 
Transitions, forbidden, in diatomic mole- 
cules 
in atmospheres of Earth and planets, 
40 
electric dipole rotation-vibration, 31 
electric quadrupole, 22 
electronic, 26 
quantal formula, 28 
rotation-vibration, 27, 29 
forced electric dipole, 22, 31 
intercombination, 3 
intensity distribution among rotational 
branches, 22 
spin-orbit interaction, 22, 29, 30 
interaction of electronic motion with 
rotation and vibration, 31 
magnetic dipole, 22 
examples, 23, 24, 25 
quantal formulae, 26 
selection rules, 23 
violation of 2+<+> Z- rule, 30 
Transitions, forbidden, in polyatomic 
molecules, 32 
Herzberg-Teller theory, 32, 34 
intercombination, 3, 37 
spin-orbit interaction, 32, 36 
vibronic, 3, 32, 35 
Transition state of an 
complex, 800 
Transition state theory of chemical reac- 
tions, see Chemical reaction 
Transmission matrix, 396 
Transport properties of gases, relaxation 
effect on, 789, see also Diffusion 
Trial wave function, 303 
T-matrix, transmission matrix, 396 
T-tube, 156 
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U 


Ultrasonic absorption 
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and dispersion, 
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Window spectrum, 530, 532 


Van’t Hoff equation, 812 
Wings, see Line shape 


Variational method in scattering theory, 


288, 398 W.K.B. method, Jeffreys’ approximation, 
Velocity, 60, 645 

drift, 336, 644 Wrestling collisions, 802 

equivalent, convective, 344 
Verdet constant, 53, 54 Z 
Vibrational intensities, 59 
Vibronic transitions, 32 Zeeman effect, and nature of forbidden 
Viscosity, artificial, 169 transitions, 9, 15 


transition between Zeeman components, 
10 


